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Abstract

:

In the article, the authors discussed the topic of energy and media savings in a public transport company. The article is of a review nature, referring to 100 sources, including scientific papers, books, conference proceedings, and websites. In the first part, a detailed literature review on environmental protection problems in road transport and methods of solving them was conducted. Subsequently, the authors reviewed the literature content on maintenance as a pro-environmental activity in transport companies. The great accent was paid to the problem of saving energy and media in the maintenance of public transport buses. Based on the literature and knowledge, the authors proposed the possibilities of conducting a rational method of managing the operation and maintenance of buses from the point of view of environmental protection, based on the strategy of predictive bus maintenance.
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1. Introduction


As a result of activities undertaken by humans in the process of meeting their needs, including the recognition of needs, design, construction, production and operation, unfavorable phenomena occur in the biosphere. It is necessary to prevent or limit their occurrence. This should be done by taking actions in many areas of the organization’s activity that are created by humans. These include maintenance, whose functioning determines the implementation of the company’s basic activity—production or service. Its aim is, among other things, to save energy or utilities that are necessary for the proper use of technical means.



The article discusses the topic of energy and media savings in a public transport company. A literature review on environmental protection problems in road transport and methods of solving them was carried out, as well as traffic maintenance as a pro-environmental activity in a transport company. When reviewing the literature, special attention was paid to the problem of saving energy and media in maintaining public transport buses. The subsequent part of the article shows the possibilities of conducting a rational method of managing the operation and maintenance of buses from the point of view of environmental protection, based on the strategy of predictive maintenance of buses.



The paper is divided into five sections. Section 2 includes a review of the literature on environmental problems in road transport and ways to solve them. Section 3 presents the problem of vehicle maintenance as a pro-environmental activity in a transport company. Section 4 discusses selected possibilities of solutions in the field of energy and media savings in a public transport company—it refers to the concept of the use of Computerized Maintenance Management System (CMMS), strategy according to the technical condition, Key Performance Indicator (KPI), Industry 4.0, and to smart cities. Section 5 introduces the potential results of the theoretical proposed model. Section 6 summarizes the paper with conclusions.



When it comes to the literature review in Section 2, it contains 75 references (from 1 to 75), mainly articles, that focus on environmental issues in road transport and proposed solutions in this area. These articles were found in the Scopus and Web of Science databases. The authors used various combinations of keywords, such as “environment”, “transport”, “problem”, “green”, “road transport”, “buses”, “cars”, “vehicles” and “solution”, to search the literature. This chapter is divided into three smaller subchapters, concerning the technological sphere, the economic and organizational sphere (together), and the social sphere. Subsequently, in Section 3, the authors reviewed the content of the literature on maintenance as a pro-ecological activity in transport companies to be able to systematize literature and knowledge and present the content on the selected possibilities of solutions in the field of energy and media savings as a conceptual part in Section 4. This literature was collected based on the experience of the authors and the concept on which they are working. These references, from 76 to 100, focused on selected concepts of a typically technical and operational nature, as well as those related to effectiveness. Keywords used to find these papers included “maintenance”, “exploitation”, “environment”, “energy”—with different combinations.




2. Environmental Problems in Road Transport and Ways to Solve Them—Literature Review


2.1. Technological Sphere


In the technological sphere, the main problem is related to different types of engines and energy sources. The engine is the heart of every car, powering it. Internal combustion engines (ICEs), including gasoline and diesel engines, are prevalent in many vehicles. Internal combustion engines exploit the conversion of the chemical energy contained in suitable fuels (typically hydrocarbons) into mechanical energy due to a combustion process [1]. Gasoline engines are one of the most common types of car engines. They are fueled by petrol, which provides high torque at low revs and makes them suitable for city driving [2]. Gasoline engines are usually lighter and cheaper to produce than their diesel counterparts [3]. They are also quieter, which translates into greater driving comfort. However, petrol engines typically consume more fuel than diesel engines and have higher CO2 emissions. On the other hand, according to Hooftman et al. [4], the newest generation of petrol vehicles is still a valid solution despite its emission impacts. Diesel engines are generally more fuel-efficient than gasoline engines, which translates into a longer range on a tank [2]. Diesel engines also produce more torque, which is beneficial when driving with a heavy load or when towing. On the other hand, these engines are usually heavier and more expensive to produce. Moreover, they can generate more noise and vibration, which can affect driving comfort. In recent years, due to high emissions of nitrogen oxides and particulate matter, diesel engines have been the subject of much controversy. According to Cunanan et al. [5], most Heavy-Duty Vehicles (HDVs) currently use an ICE that is based on diesel because the energy efficiency is higher than gasoline. Engines that use fossil fuels as an energy source contribute to air pollution and greenhouse gas emissions. While progress has been made in improving the efficiency and reducing emissions of ICE engines with technologies such as turbocharging, direct injection and exhaust gas recirculation, they still have inherent limitations in terms of environmental performance. They affect the natural environment, causing, above all, air pollution. Polluted air has a strong impact on people’s health and lives, as well as fauna and flora [6]. Therefore, internal combustion engines need to be improved to limit their environmental impact. According to Leach et al. [7], there is great potential to bring about different improvements in internal combustion engines in the short term through better combustion, exhaust gas treatment and control systems. When it comes to the medium term, the development of new fuel or engine systems can be observed. To meet current greenhouse gas emissions targets, it is necessary to improve the performance of such engines in terms of efficiency and exhaust pollutant levels. According to the results of the research, implementing technologies in conventional, stoichiometric SI engines can lead to an even 30% reduction in fuel consumption over a typical new car. Also, there are other technologies, such as lean-burn SI combustion, water injection, and variable compression ratio, that can reduce further fuel consumption. Moreover, these engines burning renewable energy sources can ease the expansion of renewable electricity generation by ensuring alternate storage potential when generation exceeds demand. There is also research on biodiesel. According to Ogunkunle and Ahmed [8], biodiesel combustion has been established as a control technology when it comes to increasing gaseous pollutants, and they highlight its role in building a sustainable and healthy human–environment scenario. As Knothe and Razon [9] state, biodiesel offers several advantages over conventional diesel fuel, for example, low or no sulfur content, absence of aromatics, high flash point, inherent lubricity, and biodegradability. It also reduces most regulated exhaust emissions and, importantly, is compatible with existing fuel distribution infrastructure. But there are still technological challenges, namely the reduction of NOx emissions [10] and the improvement of oxidative stability [11].



Subsequently, there are alternative propulsion technologies such as electric vehicles (EVs), hybrid vehicles, and hydrogen fuel cell vehicles. These solutions offer opportunities to reduce the environmental footprint [12]. Battery electric vehicles (BEVs) and hydrogen fuel cell vehicles (HFCVs) power themselves by using electricity and do not need an ICE. They convert the chemical energy from active materials into electrical energy. There is a difference, as when it comes to batteries, active material is stored in the system, and in the case of fuel cells, it is continuously fed into the system [5].



Electric vehicles can be powered by different energy sources. It depends on the energy system of a given country and its activities towards clean energy. Electric vehicles, need to be charged with electric energy from the grid to move, and this grid energy can be obtained from various sources, both traditional and renewable [13]. Then, EVs powered by renewable electricity offer zero emissions while driving. However, the issue of battery production and disposal/recycling is still controversial [14,15], as is the fact that in many countries’ electricity comes from fossil fuels. Hence, their eco-friendliness is a complicated issue and depends on many factors. As Tabuchi and Plumer [15] note, lithium-ion batteries, commonly used in EVs, rely on raw materials such as cobalt, lithium, and rare earth elements. Cobalt mining, especially in the Democratic Republic of Congo (DRC), poses environmental and human rights concerns, with hazardous tailings and slags leaching into the environment and high exposure to cobalt and other metals among nearby communities, including children. What is more, the extraction of these metals requires smelting, emitting sulfur oxide and other harmful air pollutants. The authors highlight that about 70% of the world’s cobalt supply comes from unregulated mines in the DRC, where workers (including children) mine cobalt using hand tools, risking their health and safety. The last but not least issue for discussion is the fact that they are quiet while driving, which can be an advantage for drivers and their surroundings but it also can be a disadvantage because pedestrians may not hear an approaching vehicle and may be hit by it. For this reason, in the literature and in practice, you can find solutions that introduce warning signals in such vehicles [16,17]. As Leach et al. [7] notice, some countries have ambitions to remove internal combustion engine vehicles and use EVs. However, this will take some time, even in the light-duty sector. First of all, increased electrical power generation capacity and ways of storing it will be necessary. These countries will also have to make changes to the electricity distribution system and invest in the development of smart charging systems and other infrastructure. As authors notice, it is rough to use only electricity for heavy-duty road, marine and air transport—it must be highlighted that they account for over 50% of global transport energy demand—due to the batteries’ large size and weight.



Hydrogen fuel cell vehicles use this type of cell to get electric motor’s power. HFCs are electrochemical devices whose task is to convert the chemical energy of hydrogen into electricity, heat, and water [5]. Their advantage is that they generate zero tailpipe emissions. HFCVs rather have proton exchange membrane fuel cells (PEMFC), as they can be characterized by, firstly, high power density and, secondly, cold-start capabilities [18]. The biggest difference between a traditional electric (battery) car and a hydrogen-powered electric car is that electricity is stored in a battery car, while in a hydrogen car it is generated. By charging a battery car, we provide ready-to-use energy. We first supply hydrogen to a hydrogen car, which must then be converted into ready-to-use energy.



The main issue connected with these types of vehicles is the production of hydrogen and the lack of proper infrastructure. According to Hosseini and Butler [19], the main challenges associated with hydrogen-powered vehicles, focus on safety, storage, and transport. Safety considerations are related to the risk of fire occurrence. Storage can also be a problem. It requires materials and methods that balance high hydrogen density, fast release kinetics, safety, and cost-effectiveness. Additionally, the establishment of infrastructure for hydrogen transport from production sites to refueling stations is essential. As Greene et al. [20] notice, the design and cost of hydrogen stations must be integrated with the production and delivery systems.



EVs and hydrogen vehicles provide zero tailpipe emissions. However, there are so-called well-to-wheels (WTW) emissions, and there, the scenario can be different [5]. The WTW emissions come from two phases: the first is well-to-pump, and the other is pump-to-wheels [21]. Well-to-pump emissions come from energy production and its transportation to the client. On the other hand, pump-to-wheels emissions are refueling and tailpipe emissions. They are emitted during refueling and exploitation of vehicles. Then, when fossil fuels are the source of energy for generating electricity or hydrogen to power the vehicle, the well-to-pump emission is great. However, when using RES as a source of energy in these vehicles, they would theoretically have zero emissions [22].



In summary, the widespread adoption of these alternative technologies remains a challenge. There are issues with infrastructure limitations, high upfront costs, and concerns about the range and availability of electric vehicle charging. Additionally, the environmental benefits of these types of vehicles depend on factors such as the source of electricity generation and the method of producing hydrogen fuel. Therefore, addressing the technological challenges associated with the different types of engines and energy sources in road transport is crucial to achieving significant reductions in greenhouse gas emissions and mitigating the environmental impact of transport. Taking actions aimed at protecting of the environment in the field of road transport is highly important [23]. Additionally, technological innovations in engine design, aerodynamics, and materials can help reduce vehicle greenhouse gas emissions and improve overall environmental performance.




2.2. Economic and Organizational Sphere


The issues related to the economic and organizational spheres of road transport include the cost of exploitation of current and future technologies. One of the important aspects is the investment in new, clean technologies. When it comes to electric and hydrogen vehicles, other costs relate to building all the infrastructure and charging/loading vehicles. Currently, there are too few places in the world where charging an electric car or powering hydrogen vehicles is possible [24]. Countries therefore face huge dilemmas related to these technologies. First, there are huge costs associated with implementing the infrastructure that will enable these vehicles to move and encourage people to buy them. Secondly, organizational issues, such as building appropriate infrastructure, are problematic. Questions arise regarding the location, the selection of appropriate entities to implement projects, the scale of projects and the number of hydrogen charging or refueling stations. In the literature, some authors conducted analyses of investment in infrastructure for charging EVs [24,25,26] and hydrogen vehicles [27,28,29]. Stecuła et al. [30] analyze even an investment in infrastructure for hydrogen city buses in a given city in Poland. This infrastructure includes mainly special stations consisting of an electrolyser, a compressor, fuel and supply storage, and a dispenser. On the other hand, it is worth mentioning that in the literature there are also papers on smart charging strategies [31,32] and fast charging methods [33,34] for electric vehicles, which is promising for the future. Another issue is also related to sources of electricity. As it was already mentioned in the previous section, countries strive to use alternative energy sources, and this would be the best solution for energy production. Then, such vehicles would have close to zero emissions. Therefore, in addition to the costs of investing in infrastructure, it is important to focus on energy sources [35], which is why countries are gradually switching to the use of photovoltaics [36], hydropower [37] and wind energy [38]. This requires massive changes in a country’s energy system.



The solution in this area includes financial support, as there are some financial incentives to invest in environmentally friendly vehicles and the development of associated infrastructure. This can encourage individuals and institutions to adopt cleaner forms of road transportation. However, it must be mentioned that this matter is complicated as EVs are challenging when it comes to battery cost; it must be highlighted that one-third of the EV cost is connected with the battery [39]. It should also be mentioned that in some countries the electricity prices are very expensive, so not everyone is convinced of electricians. When it comes to pro-ecology activities on a larger scale in given countries on road transport, there are policies such as carbon pricing, fuel taxes, and vehicle emissions standards to internalize the environmental costs of transportation. On the other hand, there are disincentive factors that may impact those who continue to use vehicles emitting high levels of pollution into the air. These disincentives may come in the form of taxes, fines, or regulations aimed at reducing emissions and promoting sustainable transportation practices [40,41]. It is worth noting that some companies give the customer the opportunity to compensate for their carbon footprint in the form of an additional payment added to the ticket prices. An example can be Flixbus [42], which offers on its website the following: “with a simple click of a button, you can not only compensate the exact emissions of your trip but also make direct impact on sustainable living in your local communities”.



Moreover, transport emissions can be reduced by choosing a bicycle instead of a car [43]. More and more literature writes about smart biking, highlighting the role of bikes in smart cities [44,45]. Also, sustainable transportation practices are known, such as promoting telecommuting and flexible work schedules to reduce miles travelled. It turns out that some tasks can be performed without leaving home. An example was remote work [46,47] and education [48,49] during the COVID-19 pandemic. What is more, actions are taken to optimize logistics and supply chain management to minimize emissions and environmental impact [50,51]. Collaboration between stakeholders from the public and private sectors is essential to bringing about significant change in this area.




2.3. Social Sphere


In the social sphere, there are various problematic issues regarding the impact of transport on the environment. The first problem is the lack or low environmental awareness of the people [52]. This means that pro-environmental education is not at the highest level [53]. A large percentage of the population has no knowledge or awareness of the impact of certain human activities on the environment. Another issue is the ignorance of many people; they are not interested in issues of human impact on the environment without even trying to expand their knowledge or open their minds to new knowledge. According to Moyal’s and Schurr’s [54] research, when people have a chance to avoid unpleasant knowledge about the potential negative results of their egoistic behavior towards others, most people refuse or avoid to having knowledge. Their research shows that the choice of being ignorant of the consequences of one’s actions reduces prosocial behavior compared to situations in which people remain aware.



When it comes to activities aimed at decreasing the impact of emissions and noise on the environment and consequently on people, in this sphere they are mainly connected with increasing social awareness. In other words, raising awareness and changing societal attitudes and behaviors related to transportation choices are the most important challenges. Bamberg and Blobaum [55] in their paper explore the influence of personal norms on the decision to use public transportation instead of a car. They identified two distinct processes that highlight personal norms: anticipated feelings of guilt and perceived social norms, showing how social contexts affect individuals’ perceptions and actual use of public transportation.



Promoting sustainable travel options such as public transportation, cycling, and walking, as well as encouraging carpooling and ridesharing to reduce individual vehicle usage, are good examples. Cycling and walking are especially associated with creating healthier and more equitable communities. This promotes physical activity and improves air quality. Additionally, initiatives such as carpooling [56] and ridesharing [57] can significantly reduce the number of vehicles on the road, leading to less pollution and more efficient use of transportation infrastructure. According to the results of the study [56] in Bulgaria, Canada, Spain, Finland, France, Hungary, Italy, South Korea, the United Kingdom, and the US, it is claimed that carpooling to commute to work is not common, as below 25% of the total driving time to/from work is done with others the way it was mentioned. According to Asghari et al. [57], their study of 500 millennial respondents shows that subjective norms and attitudes had the most important influence on travel sharing intentions, followed by perceived behavioral control and personal norms. Then, slightly lower respondents indicated economic benefits and sustainability as significant motivations towards carpooling. Such solutions should be promoted by, for example, educational campaigns. Social media play a big role in this regard [58,59]. They can contribute to the awareness of environmental sustainability. They can engage people in pro-environmental actions and make them more aware of the common green problems. Social media have a great deal of power in this kind of social education.



On the other hand, efforts such as promoting cycling and walking instead of driving require a multifaceted approach that includes infrastructure development, such as the construction of bike lanes and the expansion of public transit networks. It is also related to the idea of smart cities, which use technology and data to improve urban efficiency [60], sustainability [61], and quality of life [62]. In smart cities, transportation systems are interconnected and optimized using digital tools such as intelligent traffic management systems [63], real-time public transit tracking systems [64], and smart parking solutions [65]. By integrating sustainable transportation options into the fabric of smart cities, such as bike-sharing programs [66] and electric vehicle charging stations [67], communities can further reduce reliance on private cars and promote environmentally friendly travel alternatives. Additionally, smart city initiatives often prioritize pedestrian-friendly urban design, creating walkable neighborhoods and reducing the need for car travel [68]. It is also worth emphasizing the role of artificial intelligence (AI) in smart cities. Solutions based on artificial intelligence drive technical progress in cities, often also contributing to environmental benefits. According to Stecuła et al. [69], AI is often used in the urban environment through supporting electric vehicle charging infrastructure, systems connected with the reduction of emissions coming from vehicles (transport), smart grids and energy storage systems. Another trend developing in smart cities is immersive technology. An increasing number of publications relate to the usage, popularity and potential of virtual reality (VR) [70,71], augmented reality (AR) [72,73] and metaverse [74,75].





3. Maintenance of Vehicles as a Pro-Environmental Activity in a Transport Company


The knowledge about maintenance presented in the article covers basic concepts in the field of maintenance for industrial enterprises. Moreover, it indicates pro-environmental solutions that guarantee energy and media savings in their technical systems, including urban transport systems.



3.1. Maintenance—Selected Issues (Exploitation and Management of Exploitation—Strategy and Structures)


There are many definitions of exploitation. The most appropriate one from the point of view of a transport company, taking into account its complex nature, is the one that states that the operation of a technical means is a set of ordered, interconnected organizational, economic, legal, normative and technical processes from the moment of production to the moment of its liquidation (scrapping) [76]. According to Kaźmierczak [76], exploitation is use, i.e., using a technical means in accordance with its intended purpose and servicing, consisting in maintaining or restoring the suitability for operation of technical means.



The implementation of these tasks is possible due to the management of the operation of technical means, which, according to Kaźmierczak [76], includes strategy, structures (organizational, information and decision-making), activities and culture. An exploitation strategy, according to Woropay and Landowski [77], is a predetermined (modifiable during the exploitation process), ordered set of rules, methods of conduct and sequences of actions, as well as means for their implementation, concerning technical objects (technical means) in the exploitation phase, determining the effectiveness of the functioning of technical means and the operation of the exploitation system in which the process of their exploitation is carried out. Within the activity of maintenance, there are the so-called generalized strategies, which include;



	
Strategy according to failures, such as Breakdown Maintenance (BM), Emergency Maintenance (EM) or Critical Maintenance (CM)—this strategy assumes that a technical asset may be damaged, and no actions are taken to prevent its occurrence;



	
Strategy according to the amount of work performed: Preventive Maintenance (PvM)—the essence of this strategy is taking actions—maintenance and repairs, the aim of which is to prevent failure. They are planned based on the maintenance cycle, which is their sequence, and moreover, they are carried out every fixed period of time, or activities are planned based on other units, for example, the number of kilometers traveled or the number of vehicle operating hours;



	
Strategy according to the technical condition: Predictive Maintenance (PM), which uses methods and techniques for technical condition testing.






In addition to the exploitation strategy, so-called exploitation policies are implemented. Selected exploitation policies are discussed in the next section of the article.




3.2. Saving Energy and Media as a Pro-Environmental Task in Maintenance of Public Transport Buses (Including Measures/Indicators/Models/Methods of Supporting This Task)


The growing pressure of societies feeling the effects of negative phenomena in the environment forces entrepreneurs providing transport services to take actions aimed at reducing energy and utilities in transport systems. In an industrial enterprise, there is a need to implement and operate the following systems [78,79];



	
Energy consumption control system needed for machines (including vehicles) to function;



	
Heating system;



	
Ventilation system;



	
Air conditioning system;



	
Hot water system;



	
Lighting system for individual parts of the plant.






Energy and media savings related to the operation of these systems will be possible if the enterprise takes technical, organizational, pro-environmental and social actions. Their examples are presented in the following publications [78,79,80,81,82,83]. These activities include operational policies, including [84]:




	
“Green” Maintenance (GM);



	
Sustainable Maintenance (SM).








According to Jasiulewicz-Kaczmarek [85], Green Maintenance should be understood as a set of all technical, administrative and management tasks during the life cycle of a technical measure aimed at maintaining or restoring it to a condition in which it can perform the required function in an environmentally friendly manner. The practical implementation of the Green Maintenance concept in an enterprise is determined by the presence of many factors, both internal (e.g., decision criteria when purchasing new machines or modernizing existing ones, maintenance strategy, method of planning maintenance works, repair technologies and materials used, competences and awareness) and external (e.g., design features of machines and devices) [85]. A quantitative approach to the evaluation of this policy is presented in [86]; the possibilities of using the system dynamics method for modeling and simulation of traffic maintenance are shown. Particular attention was paid to all main and effective criteria and indicators, including the maintenance ecological index and system behavior studies. The paper in [87] presents the possibilities of using artificial intelligence and machine learning methods in operation management based on the Green Maintenance policy.



The purpose of implementing the Sustainable Maintenance strategy, according to [84], is, in addition to achieving environmental benefits (exploitation facilities should be operated in a rational manner, taking into account the rational use of natural resources and reducing the impact on the natural environment (electricity consumption, emissions, waste)), to achieve certain social benefits (ensuring a proper working environment, the health and safety of employees and their satisfaction). Selected aspects of the discussed policy are presented in [88,89]. In [89], the concept of managing the operation of technical means in accordance with Sustainable Maintenance was presented based on selected measures and assigned to individual levels of enterprise management: strategic, tactical and operational. In [88], a model of periodic preventive maintenance is shown, which allows obtaining the optimal task period (maintenance or repair) for each element of the system, which allows for minimizing conventional, environmental, and social costs that are the result of maintenance and repair work. This model implements the concept of a circular economy.



A special approach to the activity of maintenance that can be implemented in an enterprise is the strategy of servicing and repairing energy-based technical means (Energy-Based Maintenance, EBM). It is proactive and focuses on optimizing energy efficiency and minimizing the consumption of resources, including energy and utilities. It involves monitoring, analyzing and optimizing the energy consumption of a technical system to increase overall efficiency and reduce costs. If energy conservation and sustainable practices are prioritized, organizations can not only extend the life of their equipment but also contribute to environmental sustainability [83]. According to [87,90], this strategy assumes that exceeding energy consumption or its losses is the first criterion at the stage of determining specific needs in the implementation of maintenance and repair tasks.



A quantitative approach to the problem of efficiency in maintenance is Key Performance Indicators (KPIs). In the EN 15341 standard, they are divided into three types: technical, organizational, and economic, and they are assigned to three levels in the organizational structure of the organization [91]. They can be used in assessing the effectiveness of technical means in maintaining operation, including the consumption of energy and utilities in this activity of the enterprise. The topics of their use in the area, which are discussed in this paper, are presented in [91,92,93,94].



A quantitative approach to an Energy-Based Maintenance strategy can provide an Energy Efficiency Indicator (EEI) and a mathematical formula that can be used to calculate its value at the level of the technical system and its components. It was first proposed by Hoang [95]. This item also includes the REEL (Remaining Efficiency—Efficient Lifetime) indicator. It provides information regarding the effective life of a technical measure before its effectiveness drops below an acceptable level at the level of the technical system or its component [90]. Another quantitative approach to energy efficiency assessment measures was proposed in [96]. A method based on failure data and status information from both the technical facility and discrete event simulations based on digital twins is shown. An algorithm for solving the problem, in which a mathematical model was implemented, was shown.





4. Selected Possibilities of Solutions in the Field of Energy and Media Savings in a Public Transport Company (Concept of the Use of CMMS, Strategy According to the Technical Condition—Using Appropriate Algorithms for Examining the Technical Condition of the Bus, KPIs, Industry 4.0, Smart City)


4.1. Strategy According to the Technical Condition of Public Transport Buses


In order to gain their competitiveness, industrial enterprises are currently trying to implement solutions consistent with the philosophy of Industry 4.0 and Smart City. These philosophies assume that an enterprise needs to collect and process more data. Therefore, there are means and ways to achieve this goal. Based on the literature research and knowledge about the current state of the environment in which humans live, it can be concluded that such enterprises will need to implement solutions consistent with the Green Manufacturing and Sustainable Maintenance policies. At the same time, a predictive maintenance strategy, which assumes that it is necessary to use prognostic methods to determine when a technical mean becomes unusable and when repairs should be carried out (determining the repair date should also take into account the availability of resources—materials and humans), is being implemented increasingly often. In transport companies, examples of pro-environmental activities include those that focus on appropriate media management (including diesel and engine oil). The consumption values of these media are the basis not only for planning repairs, but also for minimizing their quantity and limiting their impact on the natural environment.



In media management, the “full tank” method is used to determine fuel consumption. It involves assessing the technical condition based on the amount of propellant and engine fuel used, determined on the basis of the amount of fuel added to the tank. The trend in fuel consumption is determined approximately based on the observation of individual oil consumption values included in the summary generated for a selected period of time (e.g., annual, containing monthly consumption values).



The limitations of this approach to testing the technical condition include a high probability of obtaining an imprecise date when a technical measure becomes unusable, which may result in a vehicle failure, resulting in the costs of its operation and downtime. In addition, there will be a possibility of large fuel losses, which will result from the need to provide a (fueled) reserve vehicle that will perform the transport task instead of a vehicle with a damaged engine and as a result of the imprecise indication of the repair date. The repair date should be the result of an analysis of the technical condition, taking into account symptoms such as fuel and oil consumption but also others—e.g., vibrations, noise, temperature.



All this makes it advisable to develop a mathematical simulation-decision-making model for assessing the impact of the technical condition on the measures of vehicle operation efficiency, which should take into account the consumption of operating media and their impact on the natural environment. The current and future technical condition of the vehicle, identified on the basis of the detection of the diagnostic symptom trend conducted using the “series test” method, Spearman’s rank correlation, the ARI type model or other methods, will also be influenced by the time interval between subsequent measurements of the diagnostic symptom value and the length of the detection time window. Therefore, these values should constitute input data in the proposed model, as shown in Figure 1. Figure 1 shows a time series of diagnostic symptom values. These values will be influenced by the organizational solutions adopted in maintenance (e.g., an appropriately frequent inspection of the technical means). However, the values constituting the outputs of the proposed model and enabling the assessment of the benefits and negative impact of technical and organizational solutions in vehicle maintenance on the efficiency of their operation include KPI indicators and vehicle reliability measures. The developed simulation-decision-making model is shown in Figure 2, and its components are characterized in the following parts of the article. A component of this model is the technical condition prognosis chart, shown in Figure 1.




4.2. Key Service Effectiveness Indicators in the Assessment of Pro-Environmental Activities in the Operation and Maintenance of Technical Systems


The implementation of the concept presented in Section 4.1 assumes the need to develop a set of measures/indicators for the purpose of assessing the effectiveness of various solutions in the field of monitoring and predicting the technical condition of technical systems. Therefore, it is possible to propose existing KPIs (standard EN 15341, they must be pro-environmental) and/or create new ones. The indicators should include the information about the following;



	
The number of failures of the exploited technical system, constituting a threat to the natural environment (it is possible to create such indicators, but taking into account various threats to the environment, various causes, effects and consequences of the failures that occurred);



	
The amount of expenditure on pro-environmental technical, organizational or other solutions, e.g., expenditure resulting from the need to increase the frequency of diagnostic measurements in order to carry out monitoring or predicting tasks that were the subject of considerations in point 4.1 or expenditure on the purchase of equipment and/or software necessary in order to carry out these tasks;



	
Other quantities.



The examples of the discussed indicators include the following;



	
The indicator of the share of occurring failures in the number of potential failures, presented in (1).


  W 1 =   LA   LP    



(1)




where LA—number of exhaust system failures that occurred in the operation of the mean of transportation, LP—the number of potential exhaust system failures that may occur in the operation of the mean of transportation,



	
The indicator of the share of expenditure on technology in the number of failures that occurred which is presented in (2):


  W 2 =   KT   LA    



(2)




where KT—expenditure on technical means to prevent failures from occurring.







4.3. Reliability as a Way of Assessing the Management of Technical System Operation in the Conditions of Predictive Maintenance


Since the purpose of implementing the sustainable development strategy, according to [10], is to ensure the implementation of functions required by technical measures, taking into account the rational use of natural resources and reducing the impact on the natural environment (electricity consumption, emissions and waste), the method described in Section 4.1 and 4.2 should take into account various functions performed by the technical means. Therefore, the model, the details of which will be described in Section 4.1 and Section 4.2 and supporting the assessment of the effects of implementing selected actions, should include a method (model) consistent with the philosophy of operating technical means focused on operational reliability (Reliability-Centered Maintenance—RCM). This method is not used when it is intended to ensure the complete reliability of a technical measure, but only when it is necessary to achieve its reliability as required to perform the function for which the measure is used in given conditions [97,98].



The method of making operational decisions in the conditions of implementing the philosophy of operational maintenance of technical means focused on operational reliability is described in the SAE JA-1011 Evaluation Criteria for Reliability—Centered Maintenance (RCM) Processes standard by the International Society of Automotive Engineers in 1998 [97]. It is based on the following seven questions about:




	
Asset functions: what are the functions and associated performance requirements and standards for the asset in the current operational context?



	
Functional errors—failure: how can a resource lose the ability to perform expected functions?



	
Causes of failure: what causes failure?



	
Effects of failure: what happens when a given failure occurs?



	
Consequences of failure: what is the consequence of failure?



	
Proactive actions: what actions should be taken to predict failure or protect against its occurrence?



	
Other standard actions—what should be done when no proactive action can be selected?








These questions were implemented in the model in Figure 2.



The use of the RCM model using the above-mentioned questions will allow for:




	
Assessment of the effects of adopting specific functions that the technical measure performs (on the basis of analyzes of reliability indicators and KPIs).



	
Assessment of the effects of adopting other values of the quantities appearing in the proposed model.



	
Simulation based on a complex model, the components of which are the solutions described in Section 4.1–4.3, allows the adoption of the most rational scenario consistent with the predictive maintenance strategy under the Sustainable Maintenance policy.



	
Optimization of energy consumption and, based on it, decisions on servicing or repair (completion deadlines, resources), which is consistent with the Energy-Based Maintenance policy.









4.4. Social Aspects of Energy and Media Management


Pro-ecological activities cause a social uproar, which is why, in addition to technical, economic and environmental criteria, social criteria are increasingly taken into account in a comprehensive assessment of various solutions, especially in technology. Since failure is often associated with failure not only in financial terms but also poses a threat to the well-being or safety of humans—the user or operator of technical means, as well as a threat to the proper functioning of the natural environment—it is necessary to conduct an appropriate analysis. This also applies to energy and media management in technical transport systems. An opportunity to conduct analyses in the above-mentioned area is the implementation of the concept of social assessment of technology, which assumes the use of methods for assessing the opinions of users of technical means in order to determine the impact of the process of meeting needs on humans and the environment in which they live. Therefore, it is necessary to make a social assessment of the impact of a technical measure, including its structure and principle of operation, design, operational, condition and ergonomic features, operational events (defects, failures, disasters), processes and operation systems, on the ecosphere. The social assessment of the pro-environmental operational policy under the conditions of implementing the projected maintenance strategy should refer to the results of the analyses described in points 4.2 and 4.3 and should be carried out based on a set of original measures/indicators of the social assessment of the technology, which will be used in calculations based on the data. obtained from surveys completed by operators of transport technical systems. Surveys in the study should include sets of questions to solve, among others, the following problems;



	
Purchase of electric/hybrid buses—drivers, passengers and those operating these technical means as well as their passengers should be asked about the safety of their use;



	
The need to reduce fuel consumption of a bus with an internal combustion engine—the above-mentioned people and the management board of the public transport company should be asked about the validity of implementing eco-driving in the company;



	
The need to reduce the harmful impact of a failure on people and their environment—the above-mentioned people should be asked about ways to reduce media leaks from vehicles.






An example of an indicator of social evaluation of pro-environmental activities may be the Wi measure, calculated using the formula [99], presented in (3):


   W i  =   ∑   j = 0  n   (   P  i j   ×  K  i j    )   



(3)




where Pij—probability of occurrence of i-th answer (to i-th question in the survey) for j-th rating, Kij—j-th rating (from 1 to 5, where 1—the lowest rating of the i-th answer, 5—the highest rating of the i-th answer).



The probability of the i-th answer (to the i-th question in the survey) for the j-th rating can be calculated using the formula [99], presented in (4):


   P  i j   =    n  i j    N   



(4)




where nij—number of people completing the survey, answering the i-th question by selecting the j-th rating, N—number of all people answering questions using surveys.




4.5. Artificial Intelligence and CMMS


The implementation of the Industry 4.0 concept, which assumes the collection of large amounts of data needed to calculate the above-described measures and make pro-environmental decisions, according to [99], requires database systems in which data on technical measures and unintended events that occur during their operation will be collected (faults, breakdowns, disasters), repairs and services, as well as the resources needed for their implementation. For this purpose, CMMS systems are used to support the implementation of operational tasks, as well as tasks aimed at maintaining or restoring the operational suitability of technical means [100]. These tasks will result from the implementation of the adopted exploitation strategies under the conditions of selected exploitation policies. Therefore, it is necessary to undertake research on the use of systems of this class under the conditions of Green Maintenance, Sustainable Maintenance and Energy-Based Maintenance policies. This solution, preceded by the methods and tools proposed in the article, will allow for a more thorough analysis of the causes, effects and consequences (including those related to the threat to the natural environment) of failures of machines and devices, including means of transport, and will also allow for the determination of optimal levels of consumption of operating media and energy.



Having a large amount of data on the operation and maintenance of technical resources collected in database systems (CMMS, ERP, etc.) does not guarantee effective decision-making on the selection of an operation strategy, carrying out service and repair works, or selecting the appropriate resources necessary for their implementation. For this purpose, knowledge is needed, which is increasingly available in enterprises thanks to the use of artificial intelligence and machine learning.



This knowledge can be represented by a set of rules, where the rule is represented using the following notation:


IF PREMISE THEN CONCLUSION











In support using the proposed model—Figure 1 and Figure 2, artificial intelligence can be used to select the operation and repair task and its start time, based on data on the values of indicators obtained from calculations or simulations conducted using the model proposed in the article.




4.6. Summary of the Research


Table 1 includes a summary of the literature and conceptual parts of the article. The reference numbers and the advantages and disadvantages of each part of the article are also described.





5. Potential Results of Executed Research on the Proposed Model


Several factors will influence the result (positive result from the point of view of environmental protection) of the analysis conducted using the proposed simulation model. These factors include;



	
Factors resulting from the proposed RCM method: functions performed by the technical means in use (each function represents specific operating conditions; in the case of vehicles, it may be: driving in urban traffic conditions, air temperature, air humidity, slippery surface, etc.), failure resulting from the implementation of these functions, their causes, effects and consequences;



	
Effectiveness of operating technical means, expressed through KPIs and reliability measures/indicators. In the case of indicators W1 and W2, referred to in Section 4.2, too many failures may be the result of internal or external causes of failures (the second mentioned includes causes of failures resulting from the fault of the user or the maintainer of the technical means. At the same time, an increase in expenditure on technical solutions (W2 indicator) may reduce the vehicle’s failure rate and therefore reduce the amount of fuel consumed.






An example of the effects of the potential analysis can include the following: extreme operating conditions of the vehicle’s internal combustion engine may cause frequent failure, requiring frequent diagnostic inspections, which will result in early detection of a sharp increase in fuel consumption and provide more time to prepare for repairs, and, consequently, less fuel is consumed than in the case where a sudden increase in its quantity is noticed too late and there is little time to prepare for repairs.




6. Conclusions


6.1. General Summary


Road transport has a noticeable impact on the environment. Based on the literature review, environmental problems can be observed across the following spheres: technological, economic, organizational, and social. In the technological sphere, issues stem from using internal combustion engines and fossil fuels, leading to air pollution and greenhouse gas emissions. In the economic and organizational sphere, challenges include the high cost of implementing clean technologies and building the necessary infrastructure, for example, for charging electric and hydrogen-powered vehicles. In the social sphere, challenges include low environmental awareness and a reluctance to change behavior. In every sphere, there are solutions or at least actions that can be taken to limit the impact of road transport emissions on the environment and, consequently, on people’s health and lives.



The ongoing degradation of the natural environment requires action in many areas, including industry. Changes aimed at achieving this goal should be carried out in individual areas of the company’s operations. This also applies to maintenance. The acceptance by the management of the exploitation strategy that will be implemented is very important. Adopting a rational, pro-environmental maintenance policy will allow for energy and utility savings in technical transport systems. This can be done because of the proposed methods and techniques described in the article.




6.2. Limitations of the Model


Unfortunately, the proposed solutions allow for the assessment of the impact of the operation strategy only within a selected scope, focusing on the predictive maintenance strategy, which is, however, included among the technical measures increasingly commonly used in operation. The development of the method should take into account aspects of new exploitation strategies, primarily Energy-Based Maintenance. Prioritizing energy savings and sustainable development practices will ensure sustainability in transport operations. In the presented approach, it was proposed to use only selected methods of trend detection and prediction of the state of technical means. Therefore, it is expected to expand the scope of their use to include new methods, including those in the area of AI. The proposed test method includes the possibility of its use to the extent that only selected diagnostic symptoms of the technical condition of vehicles are taken into account. Extending the scope of these symptoms will require the use of multi-criteria optimization methods to rationalize media and energy consumption.



Fuel consumption will be influenced by unfavorable impacts on the technical measure (road conditions) occurring in the various geographical locations. Hence, it becomes justified to include the aspect of space in the proposed model in the future. Solutions in this area include methods/tools for collecting and processing spatial data, including GIS (Geographic Information Systems) models and spatial econometric methods. Taking into account the dynamic nature of media/energy consumption processes, the use of these methods are justified.



When proposing the research method, only vehicles powered by an internal combustion engine were taken into account. In order to make the proposed method modern, it should also be possible to use it for the purpose of assessing the media/energy consumption of other types of drives (electric, hybrid, hydrogen).




6.3. Recommendations for Model Implementation


In the opinion of the authors of the article, efforts should be made to ensure that the proposed method concept has a universal character. Using it, it is possible to assess the technical condition of the vehicle, indicate the date of vehicle repair, optimize energy and utility consumption, but also there should be a possibility to plan the resources needed to carry out vehicle repairs and achieve other goals.



The innovative nature of the proposed solution—a complex model supporting simulation, optimization and decision-making—is given by proposing its supplementation with a social aspect, involving drivers, vehicle passengers and their workers of transport companies in the assessment of the fuel/energy consumption of these technical measures. The implementation of these tasks will require linking the results of using the method of social assessment of energy and media consumption with the results of technical assessment. This will be possible due to the use of artificial intelligence methods. This will be the subject of further research on the operation and maintenance of technical means, with particular emphasis on urban transport.



It is expected that the implementation of the developed concept should include the following stages;



	
Indication of the technical measure that will be the subject of the analysis;



	
Indication of the functions it performs;



	
Indication of failures that occurred during its operation, their causes, effects and consequences;



	
Selecting models for assessing individual generalized maintenance strategies—KPIs, Reliability Measures (Breakdown Maintenance, Preventive Maintenance, particularly Predictive Maintenance) and calculating the parameter values of their characteristics;



	
Indication of tasks to be performed and their implementation deadlines, taking into account the amount of (optimal) energy and utility consumption.






Assessment of the Predictive Maintenance strategy will require identification of the model based on historical data on the values of KPI measures, reliability measures (the model’s outputs), time intervals between subsequent diagnostic tests and the length of time windows of the reliability parameter trend detection method (the model’s inputs).
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Figure 1. Time series of diagnostic symptom values [authors’ own work]. 
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Figure 2. The concept of a simulation-decision-making model for assessing the predicted maintenance strategy [authors’ own work]. 
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Table 1. Advantages and disadvantages of the presented research.
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Literature Review Part




	
Scope of Literature Study

	
Number of References

	
Advantages and Disadvantages of the Presented Research






	
Technological solutions

	
[1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23]

	
The strength of the presented research is a thorough comparison of various types of internal combustion engines used in vehicles by indicating their characteristic features (advantages and disadvantages), in particular their relation to the natural environment and their assessment.###Due to insufficient knowledge, it is necessary to continue research on technical solutions to the presented problems of engines, emerging at the stages of their design, construction, production and operation, improving their functioning, in particular new solutions (electric, hybrid, hydrogen drive). However, there is a lack of knowledge about the impact of maintenance and repair activities, in particular those involving the diagnosis and forecasting of technical measures, on the consumption of energy and media.




	
Economic and organizational solutions

	
[24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51]

	
The conducted research drew attention to existing economic and organizational problems related to the operation of vehicles with various power sources. The large number of solutions to problems is noteworthy. However, there is a lack of recommendations for transport companies to improve the functioning of their organizations, especially when vehicles with different types of drives are used. There is a lack of knowledge in this area about good practices in the management of vehicle operation, but also about other technical measures of the used transport infrastructure, aimed at reducing energy and media consumption and implemented through the use of proactive maintenance strategies. Literature research shows little knowledge about the Energy-Based Maintenance policy and its application in vehicle operation.
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[52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75]

	
In the provided literature, the relationship between man and technical means are discussed. Attention was paid to the problem of social awareness in the field of environmental protection. The topics of the articles concern current problems, including those related to the implementation of measures and methods in the smart city areas. There is a lack of knowledge about methods for identifying and assessing human needs and the use of knowledge about their occurrence in the process: description of needs—design and construction of technical means. Therefore, it is necessary to study public opinions on technical measures as part of the Technology Assessment philosophy.




	
Exploitation strategy

	
[76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,9