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Abstract

:

Modernizing public transportation is crucial, given the ongoing call for sustainable mobility. Growing concerns about climate change and the increasingly stringent emissions standards have compelled public transport operators to embrace alternative propulsion vehicles on a broader scale. For the past years, the Battery Electric Buses (BEBs) have been the vehicle of choice for public transportation. However, an emerging contender in this sector is the Fuel Cell Electric Bus (FCEB). This paper aims to evaluate the way one such vehicle would perform in terms of energy efficiency while being exploited in an urban scenario generated from collected data.
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1. Introduction


Due to the existing paradigm, the transportation industry is facing a critical juncture regarding one of the most pressing issues that humanity needs to tackle. Worries about climate change have been rapidly increasing in recent decades, leading to a major change in the focus of development across all industries. The alarming rate of carbon footprint expansion is a significant indicator of this ongoing trend. Regrettably, society’s emphasis on rapid progress and heightened consumption has resulted in a dearth of energy efficiency. As a result, civilization is already on a perilous trajectory that will have substantial long-term environmental consequences for our development [1].



In spite of the fact that the transportation industry has been one of the primary contributors to this concern, one of the most effective solutions to this problem is the construction of extensive sustainable public transportation systems in conjunction with the implementation of traffic restrictions. A number of innovative and environmentally friendly transportation alternatives are being presented as viable alternatives to the use of personal vehicles in an effort to increase the use of public transit as a primary mode of transportation. This process is being carried out in order to facilitate the growth of the public transportation systems.



Sustainability in the transportation industry has undoubtedly become a major issue across Europe in light of the current environmental challenges. The European Union has taken a number of actions to solve this problem, such as imposing stricter emission limits and continually updating the fleets of public transportation vehicles [2]. The BEBs and the FCEBs are two of the most popular solutions for environmentally friendly public transportation in Europe. The way in which these solutions manage and store the energy necessary for propulsion is where they diverge the most from one another [3,4].



At the other end of the spectrum, hydrogen is used by the FCEBs, in addition to smaller battery packs, as an energy buffer. Fuel cells use hydrogen as a source of energy to produce the necessary electricity for propulsion. By managing energy delivery and storage using hydrogen, this dual-energy strategy lessens the burden on the battery, thus reducing the rate at which they degrade over time while reducing the total operational costs [3,4,5].



As a result of Europe’s dedication to sustainability in the transportation industry, both the BEBs and the FCEBs have been adopted, with the latter providing a special benefit in reducing battery-related problems (e.g., in cold regions) and enhancing the long-term viability of sustainable bus transportation. These cutting-edge strategies are essential first steps in tackling the pressing environmental issues.



As hydrogen is one of the most effective energy carriers on the market right now, it plays an especially important role in this context. It can be obtained in several ways and used in conjunction with fuel cells to store the energy needed to run long-distance electric motors. Right now, the two most common processes for producing hydrogen are steam reformation of natural gas and electrolysis, with the latter being the more ecologically favorable option [6].



There is a wide variety of fuel cells available, each with its own advantages and disadvantages. The proton exchange membrane (PEM) fuel cell is the most widely used type of fuel cell, employing an exchange membrane as a solid electrolyte. The PEM fuel cells have the capability to produce a maximum power output of one hundred kilowatts with an efficiency ranging from 40% to 60%. These fuel cells operate within a specific temperature range of 80 to 100 degrees Celsius. Within the mobility sector, these devices are extensively utilized due to their small dimensions, lightweight construction, and rapid initialization period. Nevertheless, the PEM fuel cells are vulnerable to fluctuations in temperature, the level of salt in the water, moisture, and dehydration. Phosphoric acid (PAFC), alkaline (AFC), solid oxide (SOFC), and molten carbonate (MCFC) fuel cell technologies are less frequently utilized in mobility applications due to their extended startup times and higher production and operating expenses [7,8,9].



Considering the technologies used in the FCEBs, as well as the use of hydrogen in propulsion systems, the outlook offers a remarkable energy efficiency perspective as well as a very viable option to reduce emissions. Because of their alteration in the powertrain, the FCEBs are able to go farther than the traditional BEBs. While fuel cells boast zero emissions and impressive range, they have a weakness: they cannot react as quickly as batteries to sudden changes in power demand. To overcome this limitation, fuel cell vehicles often team up with batteries or supercapacitors. This synergy ensures a smooth and responsive driving experience while maintaining the benefits of fuel cells.



The Municipality of Cluj-Napoca is currently investing in an extensive hydrogen production infrastructure, the findings of this study is one of the starting points in the future of fuel cell bus fleet management. By having a perspective regarding the consumption and usage patterns of such vehicles, the hydrogen demand can be estimated, as well as the refueling strategy on the considered route. Furthermore, this study can serve as a basis for expansion, taking into consideration further data sets from different routes, and optimizing the use of such vehicles based on energy efficiency.




2. Materials and Methods


Fuel cell electric buses (FCEBs) have emerged as promising alternatives to regular diesel-powered buses in the pursuit of eco-friendly transportation options. This study examines the operational features of a Fuel Cell Electric Bus (FCEB) when used in a public transportation system, particularly in a highly populated urban area. The main goal is to measure the energy management patterns and overall efficiency of the vehicle by evaluating its hydrogen consumption, distance traveled, and vehicle velocity.



AVL Cruise M (R2021 R2), software developed by AVL List GmbH, was used to simulate and assess the performance of the FCEB accurately. AVL Cruise M is a versatile software tool that can simulate several elements of vehicle operation, such as engine dynamics, energy management, and emissions.



A simulation model of the Solaris Urbino 12 bus was created. Urbino 12 is a multifunctional public transit bus available in both electric and fuel cell variations. The primary objective of this study is to examine the FCEB version, with a specific emphasis on its range and hydrogen consumption.



Before commencing the simulation, it was essential to determine the vehicle’s structural and functional characteristics. The specs were carefully and thoroughly defined and organized in Table 1, offering a comprehensive summary of the vehicle’s essential characteristics.



The AVL Cruise M simulation was performed using a thorough model and detailed input data. The simulation entailed duplicating authentic driving events, encompassing diverse conditions, patterns of acceleration and deceleration, and stop-and-go scenarios. Through the simulation of these situations, the FCEB’s energy consumption and range were observed under different operating conditions.



The modeling technique involved a sequence of parametrization procedures. The FCEB exhibits a modular design, wherein each functional component is represented by a separate module. To ensure the acquisition of accurate findings, all elements were simulated according to the specifications provided by the manufacturer. The electric model consists of several key components, including a battery pack, a set of 2 ZF AVE 130 hub-mounted electric motors, a consumer module, and a control functions subsystem. In addition to the aforementioned components, the Urbino 12 Fuel Cell model is outfitted with a Ballard HD60 fuel cell.



The battery pack was designed and arranged based on the output power, voltage, and current specifications, with the aim of achieving a high level of precision. The tractive system comprises two electric motors that are designed based on the actual machinery employed by Solaris and produced by ZF. According to ZF [11], every motor exhibits a maximum power output of 250 kW, operates at a nominal voltage of 650 V, and can sustain a maximum current of 340 A. The control function subsystem encompasses algorithms employed for the regulation of individual motors, with the computational functions responsible for determining the range and performance characteristics of the vehicle.



The functions utilized for the implementation of the test cycle are likewise encompassed inside this subsystem. The fuel cell model incorporates the Ballard HD60 fuel cell together with a specialized mechanism responsible for regulating the energy transfer between the battery and the fuel cell [12]. The model can be observed in Figure 1.



The powertrain in the model consists of the essential components mentioned earlier. The fuel cell is responsible for the production of energy through the utilization of hydrogen as fuel. Subsequently, the generated energy is transmitted to the battery pack, which serves the purpose of supplying power to the electric motors [13]. The model includes various types of links, including a mechanical link that represents the physical connections of the vehicle, such as those found in the powertrain architecture and braking system. The electrical circuit serves a dual purpose: it facilitates the transmission of electrical energy throughout the powertrain while also enabling the communication of information from the management system to all the components. In a real fuel cell vehicle, the system would naturally be split into two separate systems based on voltage level: a high voltage system, which handles voltages above 48 V, and a low voltage system consisting of electronic control units and driver input panels, responsible for data transfer.



The management system includes specific sections designed to govern the behavior of the fuel cell. A key feature of this management system is the capability to program a specific state of charge for the battery. This state triggers the activation of the fuel cell, allowing for the optimization of energy consumption between the two integrated energy buffers in the powertrain [14]. This management subsystem has the ability to control the overall energy consumption of auxiliary components, including the high-voltage heating system and the air conditioning system.



The running gear subsystem has been accurately modeled based on the dimensions of the actual buses used in the City of Cluj-Napoca, including tire and brake specifications. The data on the final drive ratio has been obtained from technical information provided by the manufacturer.



The outcomes derived from the simulations were produced from authentic data gathered from the operational electric buses within the municipality of Cluj-Napoca. The data obtained from the buses encompasses several factors, including the GPS coordinates of the bus, the velocity of the vehicle, the date and time of the data collection, and additional metrics such as brake lining usage and the total amount of energy charged and discharged.



Precise replication of a bus’s real-life performance necessitates comprehensive information regarding its driving patterns, velocity, and position. The data can be acquired by different methodologies, including the connection of a CANedge 2 device to the OBD (On Board Diagnostics) port of the bus. The device (depicted in Figure 2), along with a manufacturer-provided adapter, captures available data. There are two methods to carry out the data gathering process: on-site collection using a memory card or utilizing an API (Application Programming Interface) to manage larger amounts of data. The collected data was thoroughly filtered and sorted in order to eliminate any sort of errors.



An important aspect to note is the challenges faced during the data acquisition process. The bus manufacturer has implemented a security key to protect the entire data flow of the bus in compliance with highly stringent data protocols. The CANedge2 device utilized for data acquisition exclusively provided unprocessed, encoded data directly from the controller area network of the bus. To acquire usable data, a lengthy process of data identification needed to be conducted. Via the fleet management platform used by The Cluj-Napoca Public Transport Company (CTP) (Cluj-Napoca, Romania), we were able to execute this intricate procedure. The platform facilitated the elucidation of the parameter identification numbers, allowing us to establish a correlation between the recorded data and their true significance. The collected data encompasses information on energy consumption, GPS coordinates (which can be correlated with the actual route), vehicle velocity (which was utilized to generate the depicted driving cycles in Figure 3), as well as brake lining deterioration, potential bus powertrain errors, and various yet-to-be-identified parameters.



This entire process was carried out over an extended period of time due to difficulties in establishing the connection between the recorded data and the data provided via the fleet management platform. Once we had discovered the actual correlations, a series of tests were performed in order to confirm that our correlation algorithm was correct. During this process, we have stumbled upon a plethora of errors generated by the data collection device as well as the bus itself. We have also tried to create our own API so that we could remotely access the collected data, which turned out to be quite difficult due to the unstable network connection in certain areas, with local storage of the data becoming the most accessible option.



The study comprised the collection of real-world driving data from Line 47 in the Municipality of Cluj-Napoca, Romania for an entire work week. This method guaranteed the incorporation of nuanced fluctuations in the bus’s usage pattern, enabling a more authentic simulation.



The collected data were thoroughly examined and sorted, and subsequently transferred into AVL Cruise M, a specialized data-driven simulation software tailored for vehicle operation modeling. During this procedure, a total of five driving cycles were created, with each cycle corresponding to a specific workday of the week. The cycles effectively depicted fluctuations in bus utilization, with Monday displaying the highest level of demand and subsequent days showing a declining pattern as other buses also travel the same route.



The next step is the implementation of the raw, collected data as a driving cycle in AVL Cruise M. In order to achieve this, a data extraction stage has been carried out to generate the driving cycles used in this paper. The block used for cycle implementation in AVL Cruise M is called the Driving Cycle and includes consecrated and industry-standard cycles such as WLTP and NEDC. However, the software allows the parametrization of such a cycle using two main metrics: time and vehicle velocity. Five simulation cases were generated, in which the main variable was the actual driving cycle.



One fact worthy of being mentioned is that the model is based on blocks that include specific mathematical equations in order to work together inside the solver architecture. In the presented model, the Fuel Cell has been adopted from a unit created by AVL, and we have intervened in the parametrization process of the block, according to data available online from the manufacturer [15].



The Fuel Cell Block contains a module for the Stack and a converter. The block responsible for the mathematical modeling of the dependencies and energy efficiency is the Stack block. The mathematical equations contained in the Stack block are briefly presented in the technical manual of the simulation software under section 6.17.19.5. With regard to energy efficiency and fuel consumption, the main mathematical equations used in the generation of the results are to be presented below [15,16,17].



The mass flow of the reacted hydrogen and oxygen can be calculated by


    m   r e a c t e d ,     H   2     =     I   s t a c k   ∗   n   c e l l s     2 ∗ F   ∗ M (   H   2   )  








and
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where M(H2) and M(O2) are the molar masses of hydrogen and oxygen. Using the stoichiometric ratio (SR), the mass flow of total amount of hydrogen and oxygen fed to the fuel cell is equal to
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The mass flow of the demanded air fed to the cathode of the fuel cell is equal to


    m   f l o w ,   a i r   =     I   s t a c k   ∗   n   c e l l s   ∗ M   A i r     4 ∗ F ∗   O   2     A i r      








where F is the Faraday constant, Istack is the stack current, ncells is the number of cells [17].



The driving cycles generated, as shown in Figure 3, illustrate the unique patterns of utilization seen throughout the week. Over the course of a two-way journey between the two ends of the defined transport line, the cycles provide a description of the movement of the vehicle’s velocity in relation to the passage of time. This aspect makes it possible to study the behavior of vehicles as they travel toward the city center, as well as the behavior of vehicles as they travel back to a less densely populated area of the city.



One thing that should be brought up is the fact that the cycles that are depicted might be different depending on the driver’s profile, as well as the temperature outside and the patterns of ridership. Although the results that are presented in this paper have a solid foundation in reality, it is possible that the results that are obtained could be different depending on a number of factors that were discussed earlier.



The meticulous process of collecting data and simulation yields important insights into the operational dynamics of the bus, allowing for the assessment of many factors such as energy usage, route planning, and driver behavior. These simulations are crucial for optimizing bus operations and improving overall efficiency.



The cycles express a series of energy consumption peaks due to the periods of heavy traffic registered in the city of Cluj-Napoca. These peaks correspond to the early morning rush hour, while the population starts daily activities (07:30–08:30). The second peak of energy consumption is registered during the afternoon rush hour, when people return home from work (16:30–17:30). The final rush hour is registered in the evening (21:00–22:00). These peaks are easily observable in the graphs represented in Figure 3.



The continuous variations of vehicle speed correspond to the successive inputs made by the drivers throughout the day. These inputs are a proper indication of the usage patterns observed in the monitored vehicle. The resulting and generated drive cycles indicate a significant difference in contrast to the industry standard drive cycles used for vehicle testing and homologation. Therefore, a significant difference in vehicle velocity and driver input can be observed.



The cycle on Mondays depicted in Figure 3a includes many stops, which are a result of the strong demand from passengers and the concomitant requirement for prolonged breaks to charge the vehicles and switch drivers. Throughout the week, the frequency of stops decreases, suggesting a decrease in the number of passengers and an increase in the utilization of alternative buses on the same route. This evolution is depicted in Figure 3b–e. The usage time of the bus also decreases as the week progresses. This is due to the management strategy of the Cluj-Napoca Public Transport Company, which implies the use of secondary vehicles to take the load off the bus considered for data collection.




3. Results


The first analyzed metric is the total distance traveled in each of the modeled cycles. The main indication of the difference between the traveled distances is the usage rate of the bus. During the first day, the bus is subjected to a series of charge–discharge cycles. As the week progresses, the usage rate of the bus reduces, thus causing the traveled distance to decrease. The total driven distance was calculated by the simulation software as well as logged from the bus. The difference between the sources has been less than 2%. The total traveled distance is depicted in Figure 4. The data can be seen in Table 2.



The process of logging the data and mapping the data results in a gradual reduction in the total distance traveled, which can be observed after the process is complete. The total distance traveled is 879.6 km, with an average distance traveled of 175.9 km that was actually traveled. On Monday and Tuesday, the progression of this parameter is relatively consistent throughout the day. On the other days, however, most of the vehicle exploitation occurs in the first part of the day, with the route being served by other electric buses that have exploitation cycles that are comparable to the one being employed by this particular vehicle.



The second metric that is analyzed is the velocity of the vehicle, which is captured during the entire process of generating the driving cycles. The variations that were observed are a result of the inputs made by the driver, in addition to being constrained by the traffic conditions in the surrounding area. In the process of generating the drive cycles, the prime hours were the most significant time periods that should be considered. There is information regarding the typical speed of vehicles that can be found in Table 3.



The hydrogen consumption of the bus is the most significant parameter that emerged as a result of the extensive simulations. This metric is demonstrated by the total mass of hydrogen consumed, in addition to the flow of hydrogen mass. It is stated by the manufacturer that the maximum range of the bus would be up to 350 km if it were to be used with its full storage capacity of 37.5 kg. According to the information that was gathered from the simulations, it is quite challenging to achieve this range when the conditions are in their natural state. There are, however, a few facts that are worthy of being mentioned. There is no consideration given to the number of passengers who ride the buses in the tests that are carried out by the manufacturer. Within the framework of the model that was developed, the bus was arranged in such a way that it reached its maximum carrying capacity in each of the cycles. The fact that each of the cycles takes into account every single decrease in velocity, whether it be due to the input of the driver or to the external traffic conditions, is another aspect that deserves to be mentioned. When these conditions are present, the powertrain is subjected to a significant amount of strain. Every cycle that was modeled represents a charging cycle for the electric bus, and the longer brakes that were applied in each scenario are representative of this. It would not be necessary to perform these kinds of charging cycles in the event that a fuel cell bus was used. The simulation model, on the other hand, records a consumption of hydrogen during these periods of inactivity, which influences the overall results. The evolution of the hydrogen mass that has been consumed can be seen in Figure 5a, and the flow of hydrogen mass can be seen in Figure 5b. The data are widely represented in Table 4.



The results were generated in a scenario in which the bus is permanently operating with the auxiliary systems functioning as well as at maximum ridership capacity. Due to this fact, the energy consumption might, at times, be over some values that are considered to be typical. This effect can also be influenced by the fuel cell never being turned off.




4. Discussion


In view of the aspects mentioned in this paper, as well as the data provided following the comparative analysis of the five driving cycles, the following can be concluded:




	
Since the model was constructed using data that are widely available and because it has not yet been validated using an actual vehicle, the results that were obtained are specific to the current model and do not represent the overall behavior of vehicles. This is due to the fact that the model was constructed using data that are widely available.



	
The information obtained provides a useful perspective on the typical operation of a vehicle that is used for public transportation. A conclusion was drawn from the simulation of a fuel cell vehicle within five of these scenarios. In contrast to a BEB, an FCEB does not require charging cycles throughout the day and is able to deal readily with the demanding requirements of the environment.



	
Following the simulations, a series of comprehensive results were discovered. The final results are observable in Table 5.








	
Taking into account the comparison between Monday and Tuesday (visible in Figure 3), it is easily observable that the driver inputs vary significantly. The driver on Tuesday adopts a more energy-efficient driving style, giving less aggressive inputs, correlated with fewer instances of achieving the top speed of the vehicle. On Tuesday, there are also more periods of time in which the bus travels at lower speeds, correlated with pauses between each endpoint of the route. The obtained driving cycles are also heavily influenced by the traffic patterns in which the bus has been integrated through the day, which in turn influences the inputs to the model and, thus, offers varying hydrogen consumption values. Another explanation for this phenomenon is the way in which the model manages the fuel cell mass flow relative to the battery SoC, e-motor load (lower in the case of Tuesday), as well as alternating between braking and acceleration.



	
Given the average traveled distance of 175.9 km, and the average hydrogen mass consumption of 25.5 kg, the general estimate of range with a full tank of 37.5 kg, one FCEB would be able to cover around 258.6 km under the circumstances modeled throughout the simulations.



	
Given the fact that the maximum declared range of one such vehicle is 350 km, obtained in controlled settings, an FCEB would be more than capable of offering a viable alternative to the BEBs in use today.







5. Conclusions and Further Research


Following the discussion, it can be concluded that the behavior of an FCB in a simulation environment could indicate an increase in overall energy efficiency. In contrast, the BEBs generally rely on battery packs with adequate capacity for both storing and delivering the electrical energy needed for propulsion. Although using batteries offers a series of benefits for the environment, their degradation over time cannot be ignored. Degradation is heavily influenced by a multitude of factors, such as temperature and usage patterns relative to the state of charge. This, in turn, equates to larger operating costs and more tedious maintenance operations [18,19,20,21]. The consumption results obtained in the case of FCB vary widely depending on a series of factors, such as battery state of charge, driver inputs, and vehicle speed, among others. One such variation can be observed between the cases highlighted on Monday and Tuesday.



It is possible to adjust the use of one such FCEB so that, with an optimal usage rate, it would successfully be able to cover two consecutive days of usage, and it would only need to be charged once every two days. This recommendation is based on the data that were obtained from the simulations. The hydrogen consumption numbers that were obtained are slightly higher than the ones that were declared by the manufacturer. This is due to the fact that the series of test cycles that were carried out were more demanding, and they were also carried out with the maximum carrying capacity applied. Given the current exploitation strategy that is in place for the BEBs, the incorporation of such vehicles into the fleet of public transportation would necessitate a modification to the charging strategy for such vehicles. This would result in a longer usage time for each individual bus, as well as a reduction in the number of refueling stops that can be carried out during non-critical time intervals.



The model used in this study proves itself useful in energy consumption estimation with respect to dimensioning a future integrated infrastructure for the production, storage, and distribution of hydrogen. In terms of further research, one main goal is to gather data from an actual FCB in real conditions and further optimize the model in order to obtain a valid solution. This, in turn, would allow for a simulation solution capable of giving an accurate dimension regarding the implementation of such vehicles.







Author Contributions


Conceptualization, H.C., D.M. and B.O.V.; methodology, H.C., D.M. and B.O.V.; software, H.C., G.P. and I.-T.O.; validation, H.C., D.M. and B.O.V.; formal analysis, H.C. and B.O.V.; resources, H.C. and B.O.V.; data curation, H.C.; writing—original draft preparation, G.P., I.-T.O. and H.C.; writing—review and editing, H.C., G.P. and I.-T.O.; supervision, B.O.V. and D.M.; project administration, B.O.V. and D.M.; funding acquisition, B.O.V. All authors have read and agreed to the published version of the manuscript.




Funding


This paper is supported by the European Union’s Horizon 2020 research and innovation programme under grant agreement No. 101036871, project hOListic Green Airport (OLGA).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Nevskaya, M.A.; Raikhlin, S.M.; Vinogradova, V.V.; Belyaev, V.V.; Khaikin, M.M. A Study of Factors Affecting National Energy Efficiency. Energies 2023, 16, 5170. [Google Scholar] [CrossRef]

	



Pietrzak, K.; Pietrzak, O. Environmental Effects of Electromobility in a Sustainable Urban Public Transport. Sustainability 2020, 12, 1052. [Google Scholar] [CrossRef]

	



Abu-Eisheh, S.; Kuckshinrichs, W.; Dwaikat, A. Strategic Planning for Sustainable Transportation in Developing Countries: The Role of Vehicles. Transp. Res. Procedia 2020, 48, 3019–3036. [Google Scholar] [CrossRef]

	



Skeete, J.-P.; Wells, P.; Dong, X.; Heidrich, O.; Harper, G. Beyond the EVent horizon: Battery waste, recycling, and sustainability in the United Kingdom electric vehicle transition. Energy Res. Soc. Sci. 2020, 69, 101581. [Google Scholar] [CrossRef]

	



Fakhreddine, O.; Gharbia, Y.; Derakhshandeh, J.F.; Amer, A.M. Challenges and Solutions of Hydrogen Fuel Cells in Transportation Systems: A Review and Prospects. World Electr. Veh. J. 2023, 14, 156. [Google Scholar] [CrossRef]

	



Mo, T.; Li, Y.; Luo, Y. Advantages and Technological Progress of Hydrogen Fuel Cell Vehicles. World Electr. Veh. J. 2023, 14, 162. [Google Scholar] [CrossRef]

	



Mo, S.; Du, L.; Huang, Z.; Chen, J.; Zhou, Y.; Wu, P.; Meng, L.; Wang, N.; Xing, L.; Zhao, M.; et al. Recent Advances on PEM Fuel Cells: From Key Materials to Membrane Electrode Assembly. Electrochem. Energy Rev. 2023, 6, 28. [Google Scholar] [CrossRef]

	



Efficiency of Fuel Cell: Calculation Formula & Equation. Available online: https://www.linquip.com/blog/wp-content/uploads/2021/10/linquip.com-Efficiency-of-Fuel-Cell-Calculation-Formula-Equation.pdf (accessed on 15 September 2023).

	



U.S. Department of Energy. Comparison of Fuel Cell Technologies. Energy Efficiency & Renewable Energy. 2016. Available online: https://www.energy.gov/sites/default/files/2016/06/f32/fcto_fuel_cells_comparison_chart_apr2016.pdf (accessed on 15 September 2023).

	



Bus, S.; Coach, S.A. Solaris Urbino 12 Catalogue. 2021. Available online: https://www.solarisbus.com/pl/serwis-i-uslugi/czesci-zamienne-i-dokumentacja (accessed on 20 October 2023).

	



ZF Product Overview. Available online: https://www.zf.com/products/media/en/pim/tu___axle___transmission_systems_for_buses___coaches/chassis_7/TU_Product_Overview_202206_DE_EN_LowRes_Opt_pdf.pdf (accessed on 20 October 2023).

	



Iclodean, C.; Cordoș, N.; Todoruț, A. Analysis of the Electric Bus Autonomy Depending on the Atmospheric Conditions. Energies 2019, 12, 4535. [Google Scholar] [CrossRef]

	



Guo, L.; Li, Z.; Outbib, R.; Gao, F. Function approximation reinforcement learning of energy management with the fuzzy REINFORCE for fuel cell hybrid electric vehicles. Energy AI 2023, 13, 100246. [Google Scholar] [CrossRef]

	



Wang, Z.; Liu, Z.; Fan, L.; Du, Q.; Jiao, K. Application progress of small-scale proton exchange membrane fuel cell. Energy Rev. 2023, 2, 100017. [Google Scholar] [CrossRef]

	



Pei, J.; Wang, Z.; Li, X.; Wang, X.V.; Yang, B.; Zheng, J. Energy consumption prediction and optimization of industrial robots based on LSTM. J. Manuf. Syst. 2023, 70, 137–148. [Google Scholar] [CrossRef]

	



Li, X.; Lan, Y.; Jiang, P.; Cao, H.; Zhou, J. An Efficient Computation for Energy Optimization of Robot Trajectory. IEEE Trans. Ind. Electron. 2021, 69, 11436–11446. [Google Scholar] [CrossRef]

	



Available online: http://avl.com/CruiseMManual (accessed on 10 February 2023).

	



Zhang, R.; Li, X.; Sun, C.; Yang, S.; Tian, Y.; Tian, J. State of Charge and Temperature Joint Estimation Based on Ultrasonic Reflection Waves for Lithium-Ion Battery Applications. Batteries 2023, 9, 335. [Google Scholar] [CrossRef]

	



Xu, J.; Sun, C.; Ni, Y.; Lyu, C.; Wu, C.; Zhang, H.; Yang, Q.; Feng, F. Fast Identification of Micro-Health Parameters for Retired Batteries Based on a Simplified P2D Model by Using Padé Approximation. Batteries 2023, 9, 64. [Google Scholar] [CrossRef]

	



Fanoro, M.; Božanić, M.; Sinha, S. A Review of the Impact of Battery Degradation on Energy Management Systems with a Special Emphasis on Electric Vehicles. Energies 2022, 15, 5889. [Google Scholar] [CrossRef]

	



García-Miguel, P.L.C.; Alonso-Martínez, J.; Arnaltes Gómez, S.; García Plaza, M.; Asensio, A.P. A Review on the Degradation Implementation for the Operation of Battery Energy Storage Systems. Batteries 2022, 8, 110. [Google Scholar] [CrossRef]








[image: Sustainability 16 01863 g001] 





Figure 1. Urbino 12 Fuell Cell model. 
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Figure 2. CANedge2 device used for bus data collection. 
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Figure 3. Data generated driving cycles: Monday (a); Tuesday (b); Wednesday (c); Thursday (d); Friday (e). 
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Figure 4. Total distance traveled. 
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Figure 5. Hydrogen consumption: (a) Consumed hydrogen mass; (b) Hydrogen mass flow. 
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Table 1. Main characteristics of the Solaris Urbino 12 Fuel Cell bus [10].
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Model




	
Urbino 12 Fuel Cell






	
Kerb mass

	
11,032 kg




	
Maximum authorized mass

	
19,000 kg




	
Length

	
12,000 mm




	
Width

	
2550 mm




	
Frontal area

	
1.97     m   2    




	
Friction coefficient

	
0.8




	
Battery power

	
100 kW




	
Motor

	
2 × ZF AVE 130




	
Motor power

	
2 × 150 kW




	
Fuel cell

	
Ballard HD 60




	
Range

	
350 km




	
Tank capacity

	
28–37.5 kg     H   2    











 





Table 2. Total traveled distance.
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Simulation Case




	

	
Monday

	
Tuesday

	
Wednesday

	
Thursday

	
Friday






	
Distance traveled (km)

	
218.2

	
196

	
185.1

	
148.8

	
131.5




	
Average traveled distance (km)

	
175.9




	
Total traveled distance (km)

	
879.6











 





Table 3. Average vehicle velocity.
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Simulation Case




	

	
Monday

	
Tuesday

	
Wednesday

	
Thursday

	
Friday






	
Average vehicle velocity (km/h)

	
13.6

	
12.5

	
12.8

	
13.2

	
13.7











 





Table 4. Hydrogen consumption.
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Simulation Case




	

	
Monday

	
Tuesday

	
Wednesday

	
Thursday

	
Friday






	
Consumed hydrogen mass (kg)

	
29.4

	
23.3

	
26.1

	
22.3

	
26.8




	
Average consumed hydrogen mass (kg)

	
25.5




	
Average hydrogen mass flow (kg/h)

	
2.08

	
1.84

	
1.89

	
1.67

	
1.68




	
Global hydrogen mass flow average (kg/h)

	
1.83











 





Table 5. Data overview.
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