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Abstract

:

Several performance metrics to measure the effectiveness of manufacturing equipment have been studied, and one of the most used is overall equipment effectiveness (OEE). However, its application and development in the road transportation sector remains little studied. The purpose of this paper is to establish a new metric derived from OEE to measure the overall effectiveness of coal mining transportation and apply this metric to actual operation. This study employed in-depth interviews and Delphi techniques to explore the specific metrics. Three rounds of Delphi involving mining experts, academia, and consultants identified six potential metrics to measure coal mining transportation operations that contributed to a new metric to measure mining transportation overall vehicle effectiveness. This paper also discusses a case study of how this newly developed metric was tested and applied to the actual operation of the truck fleet at a coal-hauling company in Indonesia. According to the case study, this metric accommodated the important factors in coal mining transportation operations and reflected operational performance. This study contributes to measuring the effectiveness of coal-hauling transportation by providing an effective metric that will help the managerial team make better decisions for process improvement.
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1. Introduction


The quest to improve productivity in today’s competitive global environment has led to a need for rigorously defined performance measurement systems for production processes that indicate production losses and areas of process improvement. This situation requires additional well-defined performance metrics that consider three important factors: equipment availability, performance, and quality. Performance measures can be obtained through a combination of various operation measurements. To measure the overall operation metric, Overall equipment equipment effectiveness (OEE) as a key performance indicator (KPI) was introduced by Nakajima and applied to measure equipment productivity [1,2,3,4]. OEE is increasingly used in the industry as an indicator and driver for controlling and monitoring equipment performance, as well as an indicator and driver for process and performance improvement. The relationship between availability, performance, and quality established in OEE is key to its usefulness and has come to be used as a metric in business decision-making processes [5,6]. The main advantage of OEE over other KPIs is in combining three separate elements into a single number that is perceived as an overall performance indicator. This indicator is useful because it consolidates overall operation metrics and is simple and clear in facilitating the identification of areas of potential improvement.



OEE research is prevalent in a variety of manufacturing sectors such as aerospace, automotive, and paper, and is used to measure mining equipment effectiveness [7,8,9,10]. The articles contain scientific and practical content regarding the OEE concept, but implementation in the mining transportation context has been little addressed. We studied the article on the OEE concept applied to mining equipment; however, this concept used traditional OEE [7]. Problems occurred when traditional OEE was used in the mining environment, because some elements, such as quality rate, were designed for the manufacturing environment. This element must be modified to meet the unique nature of mining. It is also important to find and use the appropriate tools to measure the effectiveness of transportation processes and to eliminate those processes that do not add value [11]. OEE has therefore been developed as an effective measurement indicator in the road transportation sector [12,13,14,15]. However, these concepts do not apply to mining transportation since they were developed for urban freight transportation applications. The factors that build the indicators do not represent the mining transportation process, since they use on-time delivery, clients not served, excess distance, product defect, faulty delivery, traffic jams, etc., as transportation losses. These kinds of losses are designed for urban cargo transportation, not for mining. Urban freight transportation has multiple destinations, carries various goods, serves various customers, and has a more predictable working environment. Cargo transport is focused on service level.



Mining transportation has unique characteristics since it exists in a physically challenging environment, an inherently variable working environment that is impacted by weather and widespread mining locations [16,17]. Trucks transport coal only in bulk to a specific destination. The most critical challenges for mining equipment are utilization, productivity, and operation safety. Therefore, the objective of this paper is to (1) establish a new metric to measure the overall effectiveness of coal mining transportation; (2) validate the proposed metric; and (3) apply this metric to the coal-hauling fleet transporting coal from pit to port in a coal-mining project in Indonesia. To achieve this goal, a new metric will be developed using a mixed method approach with a three-round Delphi study to propose a new consolidated metric quantifying the effectiveness of the coal transportation process, and then apply it to measure the effectiveness of the coal-hauling process. The proposed metric is called mining transportation overall vehicle effectiveness (MTOVE) and is derived from OEE as a key performance indicator to measure the availability, performance, and quality of the transportation process.



The novelty of this research is the development of a new metric derived from OEE to measure the effectiveness of the coal transportation process by translating the principles of OEE to measure the effectiveness of the coal-hauling process. This research was conducted in one of the coal-hauling contractor companies in Indonesia. An aspect that motivated the application of this new metric was to combine several elements into a single metric, enabling the managerial team to monitor and evaluate the effectiveness of the overall hauling operation performance. In addition, the metrics identified transportation losses in the process and provided information for continuous improvement.




2. Literature Review


2.1. Overall Equipment Effectiveness Overview


A significant amount of literature has been published in recent years concerning the definition of OEE and its application [18,19,20,21]. Nowadays, OEE is widely used to analyze not only the effectiveness of individual equipment but also for integrated equipment systems [22]. OEE helps management recover hidden capacity, reduce production losses, and identify additional capital investment needs [23]. OEE measurement can be applied at several different levels, and the initial OEE measurement can be compared with future OEE values, thereby quantifying the level of improvement achieved [15]. The main advantage of OEE over other performance metrics is that it combines the three individual components into a single numeric value and can be viewed as a measure of overall equipment performance [24]. This metric measures the performance of operations by the availability, performance, and quality of individual equipment. OEE is the result of the multiplication of these three parameters in a percentage [2,19,25,26]. The availability component measures the downtime losses due to breakdown, setup, and adjustment, indicating the ratio of actual operating time to planned available time. The performance component measures speed losses due to minor stoppages and reduced speed as metrics of production speed, and is the ratio of the production speed of equipment to the planned speed. Finally, the quality component measures quality losses due to process defects and represents the ratio of quality-related production losses to actual production [27]. The OEE value range has been discussed by several authors who concluded that it would be difficult to establish an optimum OEE figure for reference, since every industry has its norms depending on the application and situation [23]. However, some studies have found that the OEE benchmark value of 85% is considered world-class performance [26,28,29].




2.2. Overall Equipment Effectiveness Evolution


OEE is an effective management metric that is applied across industries and has gained importance, becoming one of the most important metrics in today’s industry [25]. Along with monitoring production performances, it can be used as a metric for process improvement activities [27,30]. Because of industry needs, OEE has been modified, and the original OEE metric was extended to fit a broader perspective [1,4,31,32,33]. Some researchers have developed and modified OEE to fit their specific requirements. KPIs based on OEE have been discussed, and some authors have proposed performance measurement based on OEE with different names and terms [6,34]. The concepts of overall input equipment efficiency (OIE) and total equipment efficiency (TEE) were introduced [35]. The OEE concept has been modified as integrated equipment effectiveness (IEE) to meet the essential requirements of capital-intensive industries such as steel, petroleum, and chemical companies [36]. IEE provides a complete picture of performance based on workload, capital, and market characteristics. A metric was introduced to estimate overall resource efficiency (ORE) by integrating factors such as availability, changeover efficiency, material availability, and manpower availability [37]. Global process efficiency (GPE) was designed to evaluate the performance of a process based on equipment availability, production speed, quality level, and ability to meet predetermined production plans [34]. To quantify the efficiency of logistical processes, a new metric called overall process efficiency (OPE) was developed and applied in the logistics sector to reveal the hidden losses with the greatest impact on the truck-unloading process [19]. In the mining context, OEE was used to measure the effectiveness of mining equipment such as draglines, shovels, underground borer, pillars, and trucks [7,8,9,10,38]. OEE applications in road transport improvement have also been introduced to evaluate the performance of urban freight transportation utilizing OEE [31,39,40].




2.3. OEE Development in Transportation Context


An indicator of road transportation effectiveness and productivity was introduced called overall vehicle effectiveness (OVE) [12]. OVE measures the overall effectiveness index related to the transportation process (vehicle effectiveness) using OEE principles. There are five inherent transport losses or wastes identified in OVE: driver breaks, excess load time, fill loss, speed loss, and quality delay [12]. Losses that affect the availability, performance, and quality rate in transportation compared to losses in traditional OEE are described in Table 1. The OVE calculation method measures the availability, performance, and quality of the transportation process based on the above five losses. According to the OVE calculation methodology, activities of the transportation process are divided into those with added value and those without added value for the end customer. Original OVE did not consider energy efficiency when making the transportation route selection, where OVE calculation methodologies assign higher OVE values to less energy-efficient routes when delivery or collection takes place to/from a significant number of destinations (multiple points). This issue was identified for multiple drop-offs or collections. To solve it, a new component was added to the OVE that measures the route effectiveness. Thus, OVE assumed a new shape and name to become modified overall vehicle effectiveness (MOVE) [13].



Another specific metric to measure the overall efficiency of the transport process has been introduced. To maximize the availability utilization of company fleet vehicles, it was recommended to calculate the OVE metric based on full calendar time [14]. The lower the availability utilization, the higher the cost of the transportation process. Thus, the calculation of the OVE metric based on total calendar hours consequently led to creating transportation overall vehicle effectiveness (TOVE). The TOVE methodology considers several new losses related to vehicle availability, time, preventive and unscheduled maintenance, breakdowns, excessive delays due to customers, and quality of service [26]. The efficiency of transport processes in the TOVE metric is obtained by multiplying the administrative availability, operational availability, performance, and quality rates [26].



A new metric to measure vehicle fleet energy efficiency was introduced that represents another transport process effectiveness metric [15]. This metric takes energy efficiency into account. Energy efficiency is the level of energy consumed in transportation operations. The energy efficiency of a transport process is the ratio of transport volume to vehicle fleet energy efficiency consumption, expressed in ton-kilometers per kilowatt hours. The vehicle fleet effectiveness metric is called OVE Human and combines several components, including the availability utilization rates of vehicle and driver, the performance of vehicle and driver, and the transport process quality including fleet energy efficiency and quality of supply services [15].



Based on the literature review for TOVE, we found eight potential metrics as described in Table 2. We used this specific literature since it discussed the metrics related to overall vehicle effectiveness in the road transportation context.



The OEE application in the mining industry differs from that in the manufacturing industry because the physical environment in which mining equipment operates is less than ideal [8]. Some challenges in the mining industry have been described: a physically challenging environment, an inherently variable environment, geographically spread output teams, inherently variable raw materials, and remote locations [16]. The dynamic nature of mining operations introduces a high degree of uncertainty into various unit operations, and mining is also a volatile and risky work environment [17]. These factors can significantly affect equipment utilization [7].





3. Methodology


This research employed a mixed-method approach comprising both qualitative and quantitative methods. As a qualitative method to identify potential metrics, we employed in-depth interviews followed by three rounds of Delphi surveys. An in-depth interview is a qualitative research technique that involves individual interviews with a small number of respondents to explore their opinions on a particular idea [42]. The Delphi technique is a method for consensus-building using a series of questionnaires with multiple iterations to collect data from a selected panel [43]. The second method employed a quantitative method by testing the new metric in actual coal-hauling operations. The new metric was tested in an actual coal-hauling operation, and data were collected for three months to utilize the metric to measure and analyze the effectiveness of the coal transportation process. We proposed a methodology based on the approach in Figure 1. The main steps in our approach included identifying the potential metrics through a literature review and conducting an in-depth interview (step 1), obtaining the potential metric (step 2), designing the questionnaire (step 3), conducting the Delphi survey (step 4), obtaining the final metric (step 5), constructing the proposed framework (step 6), implementing the metrics in actual coal-hauling operation (step 7), analyzing the data and summarizing the result (step 8).



This study aimed to answer these research questions (RQ):



	
RQ1. What are the suitable metrics to measure overall mining transportation effectiveness?



	
RQ2. How can the selected metrics be applied to measure mining transportation effectiveness?






3.1. Identification of Potential Metrics for Mining Transportation Overall Vehicle Effectiveness


We combined a literature review and in-depth interviews to explore potential metrics to measure mining transportation effectiveness, followed by a three-round online Delphi technique to establish consensus [42,43]. To collect information and expert opinion, we employed an in-depth interview process [43]. Before undertaking the Delphi study, steps were taken to ensure that the sources of information for this study were representative. This was achieved by identifying the expert participants for the in-depth interview process and Delphi study. Five experts for the in-depth interview process were identified. Selected mining experts were required to have at least ten years of work experience in coal-hauling operations. The participants are sometimes referred to as expert or panel in this paper.



Before conducting an in-depth interview, we arranged a meeting with the selected expert to fine-tune the understanding of the interview topics and data from the interviewees. Each interview took approximately 30–45 min per expert. The interview participants consisted of five mining experts who worked in mining contractor companies. Three of the participants were representatives of the company where this research was conducted, and two were experts from other coal mining companies. The interviews took place virtually in a private room. A semi-structured interview was employed in this process, using open-ended questions on a one-to-one basis [44,45]. The interviews were audio-recorded and transcribed, with the participant’s consent. Expert profiles are described in Table 3. The potential metrics from the literature review were compiled with metrics from the in-depth interviews and used as input to develop the Delphi survey questionnaires.




3.2. Three-Round Delphi Questionnaire


After identifying the potential metrics from the literature review and in-depth interviews, a three-round online Delphi technique was employed to establish consensus [46]. The main objective of the three rounds was to reach a consensus by reducing variance in responses, and the second purpose was to improve precision [47]. During the Delphi study, participants were allowed to suggest additional statements that had not been included in the previous step. The participants were informed that there would be three rounds of questionnaires.



Survey participants were identified using purposive sampling [48]. The Delphi survey included selected mining experts, consultants, and lecturers. The participants were chosen from a pool of mining experts who were familiar with mining transportation as well as senior consultants and lecturers from reputable organizations. We invited all the mining experts who were involved in the prior in-depth interviews to take part in the Delphi survey. In addition, we invited eight additional mining experts to take part in the Delphi survey; fourteen participants were invited in total. We began the survey by circulating the questionnaire via electronic mail to all participants. Then we collected their responses and returned the questionnaire to them for other rounds. Feedback is an essential component of the Delphi procedure [49]. Key information from the preview survey was used to design the subsequent Delphi survey questions. In the later rounds, the participants were able to view the group’s responses. The data were stored on the computer with password protection and could only be accessed by the interviewer.



The Delphi survey participants are described in Table 4. Mining experts were required to have at least ten years of work experience in mining operations. The lecturer was required to have research or teaching experience in total productive maintenance (TPM) and overall equipment effectiveness (OEE) and be familiar with the coal mining industry. Consultants were required to have experience in implementing TPM and OEE and have experience in handling clients in the mining industry. Questionnaire preparation included pilot testing (pre-testing) of the questionnaire, which was conducted by an assessment group [50]. The pre-testing was aimed at checking instruction and question clarity, completion time, and question redundancy [51,52]. We used the feedback from the pilot test to modify, add, or delete ambiguous questions to improve the convergence of the questionnaire [53]. The questionnaire was sent to panel experts, but because of time limitations and the pandemic situation, the survey was conducted by email.



The first-round questionnaire included three parts, and the first part collected generic information such as the company’s field of operation, position, and experts’ years of experience and email addresses. The second part presented all the potential metrics from the previous process (literature review and in-depth interview) according to the 5-point Likert scale of 1 (not agree) to 5 (extremely agree). We designed a survey questionnaire in which experts were asked to judge the level of significance of each metric. These questions aimed to enable the panel experts to give their opinion of the importance of each metric based on their understanding and experience. The third part was an open-ended question, where the participants were allowed to suggest additional statements about potential metrics that had not been included in the list. In the second and third rounds, additional questionnaires were created. Here, we proposed an overall metric that combined all potential metrics into a single metric called mining transportation overall vehicle effectiveness (MTOVE). We consolidated all potential metrics into a single metric (overall metric), and the formula of the proposed MTOVE is described in Equation (1). We designed a survey questionnaire in which participants were asked to express their judgment about the new MTOVE metric using a 5-point Likert scale.




3.3. Case Study Profile


The new metric was tested and applied to evaluate a coal hauling company that operated in a coal mining site in Central Kalimantan, Indonesia. The company works 24 h a day, divided into two working shifts: day shift and night shift. Each shift has a 60 min break for rest and a meal. The working schedule consists of a 7-day week, and there is an over shift every Friday to take 12 h off. Depending on the circumstances and management decisions, several workdays are not available to work on. Every day the hauling operation team receives the production plan information from the mining owner, where the loading point and stockpile location are mentioned. The loading process starts at the loading point (mining pit). The coal is loaded into the trucks using an excavator. The truck is a rigid truck type with a vessel capacity of 24.5–25.5 metric tons.



The process begins with the arrival of the truck at the loading point. An excavator loads the coal into the truck. Once the truck is fully loaded, the excavator operator gives a signal confirming that the truck is fully loaded and asks the truck to leave the loading point and travel to the port stockpile. The distance between the loading point and the port stockpile is around 30 km, with an allowable hauling speed maximum of 50 km/h. Before arriving at the port, the truck enters the weighbridge, receiving documents from the weighbridge operator that record truck weight information. Then, the driver enters the stockpile location where a port supervisor informs the driver and directs the truck to the dumping location for unloading. Once the truck is in the unloading position, the driver begins the process of unloading coal. The driver opens the tailgate of the truck and the hydraulic rams to lift the front vessel side, allowing the coal in the truck vessel to be dumped on the ground behind the truck. Once the unloading process is finished, the truck travels back to the loading point, and the coal is stored in the port stockpile.



Once the driver returns to the loading point, they record the following data on the timesheet: time of entry and problems encountered during the hauling process cycle, including breakdown, refueling, stoppage, rain, slippery road, etc. The coal-hauling process is described in Figure 2. At the end of the working shift the driver completes and signs the timesheet, and submits it to the group leader, who confirms the document. If there is a difference, the group leader takes note of it and notifies the driver to verify the discrepancy. All data related to hauling operations are uploaded and stored in the mining control center (MCC). Operation data were collected for three months. For data reliability, we took the data from MCC that had already been verified by the operation control team.





4. Result and Discussion


This section summarizes the results of our analysis based on the methodology described in Section 3. The potential mining transportation effectiveness metrics identified after conducting the literature analysis and in-depth interviews are presented.



4.1. Potential Metrics from Literature and In-Depth Interview Result


We identified several potential metrics after combining the literature review and in-depth interview process. Potential metrics obtained from the literature review are described in Table 2. There were several potential metrics obtained from the in-depth interview process: physical availability, use of availability, fuel consumption, hauling distance, productivity, truck capacity, coal losses, and mean time to repair (MTTR), etc. From the literature review and in-depth interview result, there were two similar metrics: truck availability and truck utilization. Both of them represented the time the truck was in operation. Time utilization is important since the truck is an expensive asset. The content analysis method was carried out following the coding process by determining the most consistent and frequently used metrics [8,9]. Once the text was coded, the codes were then further categorized and combined with relation analysis to summarize the data. After conducting a content analysis, we identified the nine potential metrics described in Table 5, which were the most consistent and frequently used metrics for measuring mining transportation overall vehicle effectiveness based on the literature review, combined with the in-depth interview results. For the next step, we initially used the metrics in Table 5 to develop the Delphi questionnaire.




4.2. Three-Round Delphi Study Result


In the first round of the Delphi survey, the respondents were asked to give their perceptions of the importance of the metrics in Table 4 on a 5-point Likert scale. In the second and third rounds, respondents were provided with the summary results from the previous rounds and were asked to reconsider their opinion and adjust their original options if they wished. The first-round Delphi questionnaire was sent to 14 panel members by email. After two weeks we collected and analyzed the results of the first round, and the results are described in Table 6.



To analyze the data, we employed the content validity ratio method (CVR-Lawshe’s method) [54]. The CVR is a validity test to evaluate the level of agreement among several experts by considering the essential level based on an expert agreement where the minimum CVR value is 50% [55]. The CVR value was calculated using Excel. The results of the CVR method analysis included three metrics where the CVR value was below 50%, namely, hauling distance with a CVR value of 43%, truck capacity with a CVR value of 43%, and mean time to repair (MTTR) with a CVR of 36%. These three metrics were excluded in the next Delphi round. The reliability test was conducted to evaluate the consistency and reliability of the selected potential metrics using Cronbach’s alpha test. An internal consistency test was used to determine whether these metrics could be used as a measurement tool based on a minimum value of 0.7 [51]. Cronbach’s alpha (α) was calculated using IBM SPSS version 26 software, and the α value result was 0.721. With a Cronbach’s alpha of 0.721, the potential metrics could be used for the next questionnaire. There were six potential metrics from the first Delphi round: physical availability, use of availability, productivity, fuel efficiency, coal losses, and quality of service.



Second- and third-round questionnaires were prepared based on input from the first round, including a newly proposed metric; these enabled respondents to give their opinion about the newly proposed metric. This new metric was constructed based on the existing OEE approach. The basis for this grouping was the well-known, existing OEE metric; a researcher proposed the new metric MTOVE. MTOVE was constructed based on combining the elements of physical availability, use of availability, performance, and quality (see Equation (1)). The grouping of the proposed MTOVE metrics is described in Figure 3. As in the first round, the second- and third-round questionnaires were sent to the group of panel members by email. In the second and third rounds of Delphi, respondents were asked to give their opinion about the importance of the six selected potential metrics in the previous round. Respondents were asked to give scores based on a 5-point Likert scale. In addition, there were questions to determine respondents’ opinions on the new overall metric to measure overall transportation effectiveness by combining all metrics (MTOVE) based on a 5-point Likert scale. This purpose was to validate the proposed MTOVE.



This grouping hierarchy was then included in the second and third rounds of Delphi questionnaires to obtain respondents’ opinions based on 5-point Likert scales. In addition to opinions, a comment column was provided, allowing respondents to provide comments and other suggestions related to this proposal. Second-round questionnaires were sent to 14 respondents, who were asked to complete them within two weeks. However, only 12 experts participated in this round, with a return rate of 86%. Two participants could not participate was because of a time conflict. The results of the second round of questionnaires were analyzed using statistical tests to determine the convergence of the respondents’ answers. The statistical test used was the Kendall Concordance coefficient (W coefficient) employing IBM SPSS version 26 software [56]. The significance level was set as p-value = 0.000, and this value was used to evaluate the level of convergence of respondents’ answers [57]. The value of the concordance coefficient (W) was between 0 and 1; the value of 0 indicated no agreement and 1 indicated that all respondents’ answers were identical or in perfect agreement. The concordance coefficient test showed a p-value of 0.000, which indicates that the respondents’ answers converged. Kendall’s W value for the second round of questionnaires was 0.542, indicating strong agreement among respondents [57].



In the third round, total questionnaires were sent to 14 respondents, and only 12 respondents participated, giving a return rate of 86% as in the second round of surveys. Two did not complete it because they were busy with work and did not have time to participate in the questionnaire. A statistical convergence test using IBM SPSS version 26 was performed to determine the concordance coefficient value. Kendall’s W value was 0.688 with a p-value of 0.000. The statistical test indicated that the opinions of the respondents on the metric converged (strong convergence) because the Kendall W value above 0.6 indicated a strong convergence [57]. The statistical analysis of the third round of the Delphi survey indicated that all six potential metrics were valid as metrics to measure the effectiveness of coal transportation. The statistical analysis of three rounds of Delphi is described in Table 7. From the three-round Delphi study, we can conclude that the selected metrics in Table 6 are valid and can be used as coal mining transportation metrics. Based on the three three-round Delphi survey we established physical availability, use of availability, productivity, fuel efficiency, coal losses, and quality of service as the final metrics.




4.3. Construction of the Proposed Mining Transportation Overall Vehicle Effectiveness (MTOVE)


The proposed MTOVE formula was constructed based on the OEE concept, which combined the overall metrics into a single metric. This formula was also adapted from the TOVE and OVE Human concepts [14,15]. We adopted TOVE since it considered the relevant performance measures in transport operations. TOVE used total calendar time in the truck availability calculation to maximize its utilization. This is relevant in the mining environment, where the equipment availability is based on total calendar time and trucks must be utilized as often as possible. The OVE Human concept was also adapted, and we made a necessary modification to apply it to coal-hauling circumstances. OVE Human considered vehicle fleet energy, which refers to the energy consumed during the transportation process. MTOVE used fuel consumption as a new factor to measure the effectiveness of fuel consumption in terms of total fuel consumed divided by coal volume transported and mileage distance (L/ton km). Hauling contractors must control and monitor fuel consumption effectively since fuel is an important element in transportation cost. Modifications needed to be made to ensure its applicability in the coal mining transportation application.



TOVE considered quality ratio as the percentage of service to customers, which is unmet demand and product defects during transportation. OVE Human also considered the quality rate, which is determined based on the number of service complaints, the number of delays, the number of damaged deliveries, and faulty deliveries. It also considered the number of driver violations related to traffic and transportation regulations. The quality ratio in MTOVE represents the number of trip failures due to internal causes, such as when trucks experience a breakdown or incident during the hauling process and coal is not delivered into port; subsequently, coal will be transferred to another truck. Truck accidents during the hauling process are also considered a trip failure.



The proposed formula to calculate MTOVE is constructed as follows in Equation (1). To establish this formula, several metrics were combined: physical availability, use of availability, performance, and transportation quality. Physical availability represents the truck availability and use of availability represents the level of truck utilization, and performance represents truck productivity and the fuel consumption rate during the hauling process. Moreover, transportation quality represents transportation quality rate and coal loss during the hauling process. Safety, which is a crucial factor in mining, was also included in the quality rate calculation, which is the ability of the truck driver to operate without accident during the hauling process.


   MTOVE     %  =    Physical   Availability    ×    Use   of   Availability    ×    Performance    ×    Transportation   Quality   



(1)







The physical availability (PA) measures the total time the equipment is available after subtracting time losses due to equipment failure or routine maintenance. The resources that affect the PA are truck breakdown and truck maintenance time. The total available time in a day is based on 24 h when the truck is scheduled to work for the entire day. If there is no breakdown, then the truck is ready to use for an entire day.


   Physical   Availability      PA   =    Uptime     h     Total   Available   Time     h    × 100 % ,  



(2)






   Uptime     h  =    Total   Available   Time    −    Downtime  .  



(3)







The use of availability (UA) measures the real total time the system is operating without equipment idle. Internal and external factors affect the UA. Internal factors are situations that occur within the company and are managed and controlled by the organization internally. An internal factor that affects the UA is a waiting driver, waiting for instruction, and refueling. External factors originate outside the company, such as rain and road slipperiness. For example, in rainy situations the operation must be stopped because of safety considerations. These situations count as idle time and will affect the UA ratio.


   Use   of   Availability      UA   =    Operation   Time       Uptime      × 100 %  



(4)






   Operation   Time     h  =    Uptime    −    Idle   Time  .  



(5)







Performance measures the overall performance, which is a combination of the hauling process productivity and the fuel consumption performance during the hauling process. Productivity measures the ratio of the ideal volume transported per hour based on the ideal hauling cycle time and the actual volume transported per hour based on the actual hauling cycle time described in Equation (7). Productivity is described as the ratio of total volume output and total time consumed. The total time consumed represents the operation time in Equation (5). Productivity is affected by losses that slow down the total hauling cycle time, such as waiting for loading and speed reduction. Ideal transported volume is based on truck capacity, which is 25 metric tons. Transported volume per hour is affected by truck capacity and cycle time and cycle time is affected by hauling distance. In this case study, the hauling speed assumption was about 50 km per hour. Fuel performance is the ratio of the ideal fuel consumption rate and the actual fuel consumption rate during the hauling process. Losses that affected fuel consumption rate are loading time, road grade, and road quality.


  Performance   ( PR ) = Productivity   ×   Fuel   performance ,  



(6)






   Productivity      PT   =    Ideal   Volume   Transported   per   Hour       Actual   Volume   Transported   per   Hour      × 100 % ,  



(7)






   Fuel   Performance      FP   =    Ideal   Fuel   Rate        liter   ton   . km      Actual   Fuel   Rate        liter   ton   .    km      × 100 % .  



(8)







The transportation quality measures the number of trips completed with the coal delivered satisfactorily without delay and spillage during transportation. It is the combination of quality rate and coal loss due to spillage. Quality rate measures the total number of failed trips because of accidents or major breakdowns during the hauling process, causing the truck not to arrive in the port stockpile. When this situation happens, the coal must be transferred to another truck or change vehicle. Process transferring requires time and effort to rehandle the coal, and we count it as a failed trip. Coal losses are affected by coal spills during transportation. These losses can happen when the truck tailgate is broken, causing coal spillage. When the truck has accident, the coal must be transferred to another truck, and since there is a rehandling process, there will be loss during the transferring process.


   Transportation   Quality      TQ   =  Quality   rate    ×  Coal   losses  ,  



(9)






   Quality   rate      QR   =    Total   Trip  −  Trip   failed     Total   Trip    × 100 % ,  



(10)






   Coal   Losses      CL   =    Total   volume   transported  −  Total   loss     Total   volume   transported    × 100 % .    



(11)








4.4. Delphi Result for Proposed MTOVE


The proposed MTOVE metric and formula were included in the second- and third-round questionnaires. The purpose was to ask the panel members for their expert opinion. The participants were asked their opinions on the importance of the MTOVE metric through 5-point Likert scales. To analyze between-round Delphi results for the proposed MTOVE we employed Cohen’s kappa (κ) statistic using IBM SPSS version 26 software. Cohen’s kappa (κ) is often used to assess agreement of nominal data as a measure of inter-rater agreement or reliability [58]. The results in Table 8 show a kappa value of 0.75, and good agreement is indicated when the value is between 0.61 and 0.80. This demonstrated that respondents agreed to use the MTOVE formula to measure overall effectiveness.




4.5. Results of the MTOVE Implementation


This section describes how MTOVE is applied and measured. The research results are based on the actual case study in a coal-hauling operation utilizing a 12-truck fleet, then the data were collected from the process to be analyzed. The time spent on the data collection was three months. The MTOVE metric for the truck fleet was calculated on a daily basis and each factor was studied separately. Each factor was calculated with the equations in Section 4.3. Figure 4 shows the average rate of all factors per week for the 12-week period for all unit trucks.



The average rates of physical availability and use of availability (UA) are described in Figure 4. The PA average value over a three-month period was 95%. This indicated that the trucks were in good condition since the total down-time was only 5% for all trucks. These PA values were still above the OEE availability benchmark value of 90% [28]. This was an achievement owing to the implementation of a basic total productive maintenance (TPM) program. However, the average rate of use availability indicated that the UA average value for the three-month period was 47%. The lowest UA was found in the first three weeks. Losses in these weeks occurred because of rain, which was an external factor and uncontrollable. However, from the fourth to the seventh week, the UA value increased because of less idle time as weather conditions were much better than in the first three weeks. UA increased because of less idle time, thus increasing operation time, which meant more time for hauling operations and higher truck utilization. The UA results indicated that the greatest loss of time was due to the idle time of the trucks. After further in-depth analysis, we detected that most of the idle time was attributed to rain and slippery roads, since the hauling road was built from original soil that does not resist water during the rainy season. Some of the losses were also due to the absence of a driver, idling the truck. Most of the time, trucks became idle because of weather conditions.



The average rate of performance as a combination of productivity and fuel consumption rate is described in Figure 5. This showed that the performance average value for the three-month period was 54%. This value was far below the OEE performance benchmark value of 95% [28]. Performance consisted of productivity and fuel performance, as shown in Figure 5. The average fuel consumption rate was 99%. The fuel performance factor average of 99% was very close to the desired value of 100%, and there were no significant losses for fuel performance. The productivity average value was 54%, which affected overall performance. Further investigation indicated that losses dragged down productivity because of nonproductive time during operation time. Productivity losses occurred because of waiting queues when the operation began since 12 fleet trucks started at the same time in the same loading point. Loading time for one truck was about 7–8 min, and the last truck had a waiting time of 77–88 min. The second problem was excess hauling cycle time because of road conditions. Bad hauling-road-condition quality increased hauling cycle time. Excess cycle time also occurred after rain; because of the conditions; some parts of the hauling road were still not completely dry after rain, which impacted truck speed. The fuel performance on certain occasions provided values above 100% because of variations in hauling cycle time and travel speed.



The average rate of transportation quality as a combination of quality of service and coal losses is described in Figure 6. The average transportation quality rate was 100%, which was still above the OEE quality benchmark of 99.9% [28]. This indicated that the company was still able to achieve service quality and minimum coal losses. The quality of service and coal loss factors were very close to the desired value. Both values during the three-month periods were 100%, supported by several trip failures and zero accidents. Zero trip failures due to a major breakdown indicated that truck maintenance activities were well performed after the company implemented total productive maintenance practices. Zero accidents also indicated that the safety performance was good, since the control and safety monitoring are very tight in mining operations.



Figure 7 shows the average MTOVE calculation result (physical availability  ×  use of availability  ×  performance efficiency  ×  transportation quality) for the three-month period. Values between 12% and 40% were presented with an average of 25%. Maximum MTOVE value appeared during the fourth to seventh week, and this trend was very similar to the trend value of UA. The UA value was also at maximum during the fourth to seventh week, as shown in Figure 4. This indicated that UA affected the MTOVE result. It was also confirmed by the trend graph in Figure 7, where the trends of MTOVE and all factors are combined in one graph. Figure 7 presents a trend-line comparison between the MTOVE and all factors combined. The factors with the lowest averages that affected overall vehicle performances were UA and PR. These two factors were the most influential in decreasing the final MTOVE result. Figure 7 shows the trend line of UA as similar to the trend line of MTOVE; when UA increased, then MTOVE increased, and when UA decreased, then MTOVE decreased. The graph shows that the fluctuation of UA resulted in the fluctuation of MTOVE; this indicated that in this case study UA had an impact on MTOVE. It can be highlighted how the UA factor decreased the performance of the coal mining transportation process.



This MTOVE metric laid the foundation for the company to digitize its processes as part of a continuous improvement cycle. MTOVE and all factors contributed to data digitization to encourage faster and more transparent results and a faster decision-making process. The continuous improvement action was fed by information from the metric to eliminate non-added-value activities from the mining process. Through MTOVE we proposed that it was possible to record operational data and measure the process from obtained data for further analysis. MTOVE will help the management team in data-driven decision making and foster improvement for better performance. In addition, MTOVE allows the identification of losses to generate continuous improvement to eliminate the losses that occur in the hauling processes. This research provides a practical contribution to the company that will improve the hauling process with MTOVE implementation. This concept can be applied to measure the performance of the other mining projects within the company and to evaluate the performance of each project by using it as an overall metric for performance comparison.



After conducting three months of testing in actual coal-hauling operations, we can provide answers to both initial research questions. MTOVE was able to measure the overall mining transportation effectiveness by consolidating six metrics that were validated through a three-round Delphi survey among experts. This study has demonstrated how selected metrics and the proposed MTOVE metric can measure the effectiveness of the coal-hauling process. The results explained the categorized element with six selected metrics of the MTOVE and their influence on the hauling process. This research provided solutions related to the hauling process measurement and structured data documentation. It was possible to record and organize the operational data to calculate the performance metric. Through the participation of the researchers and experts during the study, the new metric derived from OEE could be measured and validated. This research identified several opportunities for improvement that are explained in the sections on theoretical and practical contributions.




4.6. Theoretical Contribution


Figure 8 represents the comparison between the OEE and MTOVE over the three-month operation period. It shows the weekly average OEE calculation (availability  ×  performance  ×  quality) versus MTOVE (physical availability  ×  use of availability  ×  performance  ×  transportation quality) for three months. The graph illustrates that the weekly average OEE value was much higher than the MTOVE value obtained. Specifically, there were contrasting values for OEE and MTOVE; OEE obtained an average value of 54% and MTOVE obtained an average value of 25%. This happened because MTOVE accommodated truck utilization, which has a large impact on overall effectiveness results. However, the original OEE does not consider truck utilization. This UA was one of the factors that distinguished between the original OEE and the MTOVE concept.



Measuring the effectiveness of coal transportation with the original OEE resulted in a gap with MTOVE. Notably, the use of availability affected the MTOVE value very much. The truck utilization measured by UA affected MTOVE and was not considered in the original OEE. Several studies have customized OEE to fit their industrial requirements. This research makes a strong theoretical contribution. The first contribution is the adaptation of the OEE metric to the mining domain, in this case to the coal-hauling process. The modification contributed to the identification of the six MTOVE metrics (physical availability, use of availability, productivity, fuel performance, coal losses, and quality of service). It was possible to measure all-important factors in hauling operations in one single index. The productivity performance allowed us to calculate the ratio of the actual productivity of the hauling process vs. the standard productivity. Fuel performance allowed us to calculate the ratio of the actual fuel consumption of the hauling process vs. the standard fuel consumption. With the coal losses factor, we can identify coal losses during coal transportation.



Finally, by measuring the transportation failure factor, we identified the number of trucks that failed to arrive at the stockpile. A deeper analysis will allow us to determine the detailed reason for the transport failure, whether because of a truck breakdown or truck accident. These measure the service level to the mining owner. The second theoretical contribution is increasing the scientific knowledge on metric development in the mining transportation sector through the Delphi study. Data collection and analysis were accomplished by the active participation of the researchers and the involvement of the mining experts and company management team in the implementation of the actual case. It closed the gap between theory and practice.




4.7. Practical Contributions


This new metric for measuring overall vehicle effectiveness provided a performance breakdown of all MTOVE factors during the hauling process, as described in Figure 9. It was possible to identify the factors that affected the overall performance; some of them were attributed to controllable factors, but others were noted to be uncontrollable by the company because of environmental conditions such as rain and slippery roads. After viewing this result and assessing the benefits, management decided to make MTOVE one of the performance measurement metrics of the company. This metric was adopted by the company and used to evaluate performance in a weekly operation review meeting. Several improvements were identified at the organizational level, starting with information from the use of utilization data (UA); the company decided to improve road maintenance quality to improve the UA. Improving road maintenance will lead to cycle time improvement, thus impacting productivity and, in the end, increasing the MTOVE score.



The MTOVE building structure allows the company to create a culture of data-driven management. After several meetings with the management team, we defined the ideal MTOVE range for the company in the hauling process as between 40% and 45% by considering the average MTOVE weekly score. We want to highlight that this range recognizes that MTOVE results are influenced by controllable and uncontrollable factors. Some factors were not directly controlled by the company because of environmental impact and could not be compared with the OEE ranges obtained in production. Several studies in manufacturing plants estimated the benchmark value as an average of 85% [26,28,29]. Studies of OEE in manufacturing plants estimated an average value between 30% and 80% [59]. Preview studies on TOVE application in the road transportation sector set the value at 48% [14]. We believe that this proposed MTOVE can be replicated in other companies that perform hauling services in the mining domain. This study can also be a baseline for current Industry 4.0 applications in the coal mining transportation process, which allow real-time data processing of information collected from the mining operations and subsequently evaluate its effectiveness [60,61,62]. MTOVE also establishes a chain of causality, hierarchical dependencies, and metrics of interest that can be analyzed from different perspectives to provide additional insights into mining transportation operations. This concept provides a tailored metric to be applied in mining transportation. Through MTOVE, mining industry data are significantly more accessible with the Internet of Things (IoT) [63]. MTOVE combined with the global positioning system (GPS) and other technologies will help to improve transportation effectiveness [64].





5. Conclusions


In this article, a new metric called MTOVE was introduced to measure the overall effectiveness of the coal-hauling process. Availability, performance, and quality factors were considered based on the original OEE. Availability was divided into two categories: physical availability and use of availability. Performance subfactors including productivity and fuel performance were also modified by considering productivity and fuel usage as important factors in mining. Productivity in the hauling operation was measured, which reflects cycle time and hauling volume. Fuel performance indicates the fuel usage during transportation and reflects the efficiency of fuel consumption during transportation as compared to hauling volume and distance. Modification of transportation quality subfactors included transportation failure and coal losses during transportation. This reflected the condition in the hauling process. Failure due to accidents and truck breakdowns during the hauling process was measured as they reflect the quality of service. Transportation failure due to breakdown is the internal measurement process of the truck condition during the transportation process, and accidents reflect transportation safety. Coal losses were also included because they may happen during the transportation process and are important points from the mining owner’s point of view. All these metrics represent the coal transportation process based on expert opinion through in-depth interviews and three rounds of the Delphi survey. Testing in actual coal transportation proved that MTOVE can be used to measure the overall effectiveness of coal transportation and to reveal operation losses, which leads to better decision making.



The new metric of MTOVE was introduced through scientific studies that included mining experts, lecturers, and consultants. The new metric was proposed, calculated, and analyzed. MTOVE was tested and used for real hauling operations, data from different sources were collected, and this study was conducted in collaboration with researchers and practitioners. The implementation results suggested that MTOVE was able to measure the overall effectiveness of the hauling process, as indicated by the MTOVE score. MTOVE can be calculated on the shift, weekly, or monthly basis that represents the overall performance. MTOVE can also be used as a tool to guide the management team in investigating a problem by conducting an in-depth analysis of each factor that drags down the MTOVE score. The in-depth analysis will lead the management team to find losses and make specific improvements to achieve better performance. This study has shown that the OEE concept can be used in the mining transportation domain.



The implementation results in the case study indicated that the lowest performance factors dragging down MTOVE value were use of availability and performance. Specifically, the performance rate was dragged down by low productivity. These indicated that losses impacting use of availability and productivity must be further analyzed and improved in order to improve MTOVE value. Further research can be undertaken on ways to improve the MTOVE value.



The authors have proposed a new MTOVE metric and described its contribution to the existing literature as a methodology allowing companies to measure the overall effectiveness of the coal-hauling process after adapting it to the mining operation environment. This new parameter includes truck availability, use of availability, performance, productivity, fuel consumption, and quality of service as well as trip failure and coal losses as criteria in business decision making. The study’s limitation is that it considered coal mining projects only. Testing in different mining projects such as gold mining, nickel, or other minerals is suggested and some details and factors that contribute to MTOVE effectiveness may not yet be included. Since the data collected from this study were numerous, we also suggest using the digitization concept combined with MTOVE in future studies.
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Figure 1. Methodology of the study. 
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Figure 2. Coal-hauling process. 






Figure 2. Coal-hauling process.



[image: Applsci 12 12341 g002]







[image: Applsci 12 12341 g003 550] 





Figure 3. Proposed Mining Transportation Overall Vehicle Effectiveness (MTOVE) framework. 
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Figure 4. Average physical availability (PA) and use of availability (UA) rates. 
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Figure 5. Performance rate (PR). 
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Figure 6. Transportation quality rate. 
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Figure 7. Average MTOVE results. 
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Figure 8. Weekly average of OEE vs. MTOVE. 
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Figure 9. MTOVE three-month period. 
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Table 1. OEE traditional losses and transportation losses.
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	Losses
	Traditional [31]
	Urban Transportation [12]
	Mining Transportation [Author]





	Availability losses
	Equipment failure

Setup and adjustment
	Driver breaks

Excess loading time
	Vehicle breakdown

Idle time



	Performance losses
	Speed reduction

Minor stoppage
	Speed loss, fill loss

Excess distance
	Waiting, fuel loss

Excess cycle time



	Quality losses
	Defects

Yield reduction
	Service losses
	Transportation failure

Coal losses










[image: Table] 





Table 2. Type of Transportation Overall Vehicle Effectiveness metric found in the selected publications.
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Author(s)




	
Metric

	
[12]

	
[13]

	
[41]

	
[14]

	
[15]






	
Utilization

	

	
✓

	

	
✓

	




	
Availability

	
✓

	

	
✓

	
✓

	
✓




	
Performance

	
✓

	

	
✓

	
✓

	
✓




	
Number of trucks available

	

	

	

	

	
✓




	
Number of the drivers available

	

	

	

	

	
✓




	
Route efficiency

	

	
✓

	

	

	




	
Time efficiency

	

	
✓

	

	

	




	
Quality of service

	
✓

	
✓

	
✓

	
✓

	
✓
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Table 3. Profiles of the mining experts.
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	Participant
	Position
	Work Experience





	Participant #1
	Managing Director
	23 years



	Participant #2
	Operation Manager
	22 years



	Participant #3
	Improvement Manager
	12 years



	Participant #4
	Operation Superintendent
	20 years



	Participant #5
	Production Planning Superintendent
	10 years
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Table 4. Profiles of panelists in the three rounds of the Delphi Survey.
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	No
	Round
	Mining expert
	Consultant
	Lecturer
	Total





	1
	Round 1
	11
	2
	1
	14



	2
	Round 2
	9
	2
	1
	12



	3
	Round 3
	9
	2
	1
	12
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Table 5. Potential metrics from the literature review and in-depth interview result.
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	No
	Potential Metric





	1
	Availability



	2
	Utilization



	3
	Productivity



	4
	Fuel consumption



	5
	Hauling distance



	6
	Quality Rate



	7
	Truck capacity



	8
	Coal losses



	9
	Mean time to repair (MTTR)
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Table 6. Result of Delphi’s first round.
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	Physical Availability
	Use of Availability
	Productivity
	Coal Losses
	Fuel

Performance
	Quality

Rate
	Hauling

Distance
	Truck

Capacity
	MTTR





	CVR
	100%
	100%
	100%
	86%
	86%
	93%
	43%
	43%
	36%
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Table 7. Delphi results for the second and third rounds.
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	Metric
	First Round
	Second Round
	Third Round
	Reference Value





	Number of participants (n)
	14
	12
	12
	n > 8



	Kendall’s coefficient of concordance (W)
	0.331
	0.542
	0.688
	W > 0.6 [56,57]



	Level of significance (p)
	0.000
	0.000
	0.000
	p < 0.005 [56,57]
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Table 8. Delphi result for proposed MTOVE.






Table 8. Delphi result for proposed MTOVE.










	Metric
	Second Round
	Third Round





	Number of participants (n)
	12
	12



	CVT
	100%
	100%



	Kappa: 0.75; p-value: 0.007
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