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Abstract

:

Alternative powertrains are rapidly increasing in popularity in city buses. Hence, it is vitally important to understand the factors affecting the performance of the powertrains in order to operate them on appropriate routes and as efficiently as possible. To that end, this paper presents an exhaustive driving cycle and passenger load sensitivity analysis for the most common city bus powertrain topologies. Three-thousand synthetic cycles were generated for a typical suburban bus route based on measured cycles and passenger numbers from the route. The cycles were simulated with six bus models: compressed natural gas, diesel, parallel hybrid, series hybrid, hydrogen fuel cell hybrid, and battery electric bus. Twenty reference cycles featuring various types of routes were simulated for comparison. Correlations between energy consumption and the various driving cycle parameters and passenger loads were examined. Further analysis was conducted with variance decomposition. Aggressiveness and stop frequency had the highest correlation with the consumption. The diesel bus was the most sensitive to aggressiveness. The parallel hybrid had a lower statistical dispersion of consumption than the series hybrid on the suburban route. On the varied routes, the opposite was true. The performance of the parallel hybrid powertrain deteriorated significantly on cycles with high aggressiveness and stop frequency. In general, the high correlation between aggressiveness and energy consumption implies that particular attention must be paid to limiting high-speed accelerations of city buses.
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1. Introduction


Increasing environmental concerns regarding greenhouse gas emissions and the rapid improvement of electric powertrain technology in recent years have driven a surge of interest in alternative powertrain technologies in city buses. While conventional diesel and compressed natural gas (CNG) buses provide robust performance accompanied by a long driving range, they come with the issues of pollution and noise. Furthermore, diesel buses face increasing challenges as a result of emission regulations that may result in increasing fuel consumption and maintenance requirements [1].



Figure 1 shows the most common alternative powertrain topologies used in city buses. Battery electric buses (BEB) have the advantage that they do not produce tailpipe emissions, they have a high energy efficiency, and they are also quiet. These features make them ideal for city center operation [2]. However, BEBs do feature other downsides such as high capital costs, slow recharging, battery aging, and limited range. Additionally, the aging and range are significantly influenced by ambient temperature [3]. The overall well-to-wheels emissions are also highly dependent on the carbon dioxide (CO2) intensity of the electricity production in the area of operation. Furthermore, the charging infrastructure is costly to build and operate [4]. BEBs can be divided into overnight charging type and opportunity charging type based on whether the battery has enough capacity for operating the entire day without recharging or if recharging is required after each loop of the route. Battery swapping was proposed and tested in Kim et al. [5], but it is not yet widely used.



Hydrogen fuel cell hybrid (FCH) buses provide the same advantages as BEBs, but they provide a longer driving range and faster refueling [6]. However, fuel cell technology is currently still costly, and installing and operating the necessary hydrogen fueling infrastructure is challenging [7]. Furthermore, there are still issues with durability and reliability with fuel cells [8]. Lajunen and Lipman estimated that, at the current rate of technological advancement, FCH buses can be expected to reach a reasonably competitive level in terms of lifecycle costs by 2030 [2]. However, there is still significant uncertainty regarding the availability and sustainability of hydrogen as a fuel.



Hybrid electric buses combine the robustness and long range capability of an internal combustion engine (ICE) with the efficiency of an electric powertrain [9]. In the parallel configuration, the ICE and the electric motor (EM) are coupled together, usually at the gearbox input shaft [10]. In the series configuration, an engine-generator unit generates energy for the battery, and an electric motor is used to provide all the tractive force. While the series configuration brings the advantage of having the engine speed decoupled from the driven wheels, it does weigh more because of the higher number of components and the need for a more powerful electric motor.



Although cleaner technology is being deployed in transportation, the increase in transport demand is offsetting the pollution reductions of the technological advancements [11]. Hence, the increasing variety in city bus powertrains makes it important to understand the performance of the different technologies. The choice is always a compromise between the advantages and disadvantages of the various powertrain options. It is thus imperative to understand all the different aspects that should be considered when choosing the technology.



The aim of this paper is to contribute to solving this problem by providing novel information about how the driving cycle and passenger load uncertainty on a typical suburban bus route influence the energy consumption with different powertrain technologies. The powertrain topologies compared in this paper are the following: diesel, CNG, parallel hybrid electric, series hybrid electric, FCH, and battery electric. By simulating a large number of varying driving cycles on the same bus route, a consumption distribution can be acquired. Different driving cycles have been used in previous simulation studies to analyze lifecycle costs [2], optimal fleet compositions [12], and energy consumption and emissions [13,14] with various city bus powertrain options. However, an exhaustive examination of the energy consumption variations on a single bus route has not been conducted. Furthermore, previous city bus driving cycle construction papers have described using micro trip based methods [15,16], as well as principal component analysis and cluster analysis [17,18], for constructing statistically representative regional driving cycles based on large measurement data sets. The cycle synthesis method shown in this paper takes the opposite approach in that it creates a large quantity of varying cycles based on limited measurement data.



The results will provide new insights into how large the consumption variations on a single route can be with different powertrain topologies. The correlations between the different driving cycle properties (e.g., aggressiveness, stops per kilometer, average acceleration) and energy consumption can then be examined. Examining the correlations can help understand the differences in how the consumption is affected by the various cycle properties with the different technologies. The results will provide insight into the types of routes that may be suited or not suited for certain topologies. Additionally, a better understanding of what the most influential cycle properties are can inform energy consumption prediction methods, as well as future development of autonomous driving. After all, there is no more cost-effective way to improve the energy efficiency of a vehicle than to drive it in an energy-efficient manner.



In this paper, we begin with a literature review of the bus powertrain technology comparisons conducted in the recent years. In Section 3, the research methods are discussed, including data collection, driving cycles, and the simulation models and their validation. In Section 4, the simulation results are presented and discussed. In the final section, conclusions are drawn and future developments are contemplated.




2. Bus Powertrain Technology Comparisons: State-of-the-Art


In recent years, several studies have been conducted to compare the cost, energy consumption, and emissions of different bus powertrain topologies. Lajunen and Lipman compared the lifecycle costs and emissions of conventional, diesel hybrid, battery electric, and fuel cell hybrid buses with simulations [2]. They found that diesel hybrid buses are currently the most economically feasible alternative to diesel and CNG buses, but battery electric alternatives are expected to surpass them in the next decade, with FCH buses also becoming more competitive. Ally and Pryor had similar findings in their study, in which they modelled the total cost of ownership (TCO) of diesel, CNG, diesel hybrid (parallel configuration), and FCH buses based on data acquired from buses operating in Perth, Australia [19]. The study showed the diesel hybrid bus to have a TCO approximately 10% higher than the diesel bus, while the TCO of the FCH bus was over twice as high as that of the diesel bus.



Ercan et al. presented a multi-objective linear programming approach for optimizing the bus fleet composition in a region with respect to lifecycle costs and emissions [12]. Case examples using diesel, biodiesel, CNG, liquefied natural gas, diesel hybrid, and battery electric buses showed that heavily congested regions, where driving cycles are more demanding, call for more BEBs in the optimal fleet composition. On the other hand, more heterogeneous compositions are optimal in regions where the cycles are less energy-consuming. Wang et al. adopted lifecycle analysis for evaluating the consumption and emissions of diesel, CNG, diesel hybrid, and battery electric buses in China and to provide recommendations for regional fleet compositions [20]. There is substantial uncertainty with the emission reductions yielded by BEBs as a result of the diverse regional electric power generation characteristics in China. CNG buses were recommended to be adopted in regions with ample natural gas supplies. In general, Chinese cities should move away from pure diesel bus fleets towards more diversified fleets to balance between energy savings and pollution reduction.



Xu et al. developed a mode-based lifecycle emissions modelling tool for transit buses [21]. The tool accounts for the power generation mix, meteorological characteristics, and terrain characteristics of the region, as well as the duty cycle and passenger loading. The case example results illustrated that the optimal bus powertrain technology choice depends strongly on the location and route characteristics. García Sánchez et al. simulated the influence of the projected changes in the power generation mix on the lifecycle energy consumption and emissions of buses in Spain between 2008 and 2030 [11]. The results showed that the emission reduction potential provided by battery electric buses had increased substantially between 2008 and 2010 as a result of a reduction in the use of fossil fuels in generating electricity. It was estimated that in 2030, the lifecycle emissions of BEBs in Spain would be less than half of those of diesel buses and approximately 27% lower than the emissions of diesel hybrid buses. Correa et al. presented a new multiphysics simulation method for comparing the well-to-wheel emissions of different bus powertrain topologies [22]. Using the method to analyze emissions in Argentina, it was shown that hybrid electric buses produce the least emissions in the short- and medium-term. A 47% renewable energy share in the Argentinian electric matrix would be needed in 2030 in order for BEBs to be competitive with hybrid electric buses. Hydrogen production would need to be electrolytic and conducted at wind farms in order for FCHs to be competitive.



In another study, Lajunen conducted a cost–benefit analysis between diesel, diesel hybrid, and battery electric city buses [14]. The study indicated that series plug-in hybrid electric and battery electric buses have the best potential to reduce energy consumption and emissions. Additionally, the capital and energy storage system costs of the aforementioned bus types are the most significant factors for improving their cost-efficiency. The simulation results also showed that the energy consumption of diesel hybrid and battery electric buses is less sensitive to driving cycle variations compared with conventional diesel and CNG buses. Similarly, a study by Zhou et al. showed that the energy consumption of a BEB is affected less by difficult conditions like heavy traffic and full passenger load compared with a diesel bus [23]. In the study, the consumption and emissions of diesel buses and BEBs operating in Macao, China were analyzed. The results revealed that BEBs have the potential to significantly reduce energy use and greenhouse gas emissions in China’s transportation system. It was also shown that, compared with diesel buses, the energy consumption of BEBs is more sensitive to the air conditioning (AC) system being on. Bottiglione et al. found that the same is true for diesel hybrid electric buses as well; their consumption is affected more by the AC compared with diesel buses [13]. In the study, the influence of auxiliary devices on the energy consumption of a series hybrid electric bus, a diesel flywheel-hybrid bus, and a diesel bus was analyzed with simulations using a driving cycle measured in the city of Taranto, Italy.



The literature review is summarized in Table 1. Different city bus powertrain options have been compared from a variety of different perspectives in previous works. However, the energy consumption variations on a single route due to driving cycle and passenger load uncertainty have not been analyzed exhaustively. Simulation studies have instead tended to use only a handful of generic cycles from different routes. This research gap is addressed in this study by using a novel driving cycle synthesis method to generate a multitude of varying cycles for a bus route and then simulating the cycles with simulation models featuring alternative powertrains. Furthermore, the influence of the various driving cycle parameters on the energy consumption of different city bus powertrains has not been examined in previous papers. In this paper, this limitation is addressed by analyzing the correlations between cycle parameters and energy consumption. Of particular interest is how significantly the aggressiveness of the driving style can influence the consumption with different powertrains. The influence is estimated by using a mathematical definition for the aggressiveness and then separating its effect from other cycle parameters with variance decomposition.




3. Methods


The following discussion describes the driving cycles and simulation models used in this study. The simulations were carried out with two different sets of driving cycles: synthetic cycles and measured bus driving cycles. The synthetic cycles were generated for a suburban bus route in Espoo, Finland. Six different bus models were used:




	
CNG



	
Diesel



	
Parallel hybrid electric (with diesel ICE)



	
Series hybrid electric (with diesel ICE)



	
FCH



	
Battery electric








3.1. Driving Cycle Synthesis Using Monte Carlo Method


In order to acquire a large quantity of varying driving cycles for a single bus route, a driving cycle synthetization method was used. In the synthesis process, which is described in the flowchart in Figure 2, new driving cycles are generated for a selected bus route in a segment-based cut-and-paste process that uses actual measured driving cycles from the route as its basis. In this process, a segment is considered to be the driving profile between two consecutive bus stops. In the synthetic cycles, the measured cycle used for each segment is randomized, and only the respective segments can be chosen (e.g., for the third segment in the synthetic cycle, only the third segments in the measured cycles can be chosen). The bus stops at which the vehicle will stop at during the cycle are randomized, as are the passenger numbers, with both being based on the probabilities found in the measured cycles. The mass of a passenger was defined as 68 kg in this study as per Federal Transit Administration (FTA) bus testing regulations [24].



The distance of each synthetic cycle created for the same route is kept the same by compensating for distance variations when connecting the segments. Each segment has a target distance, and the difference between the target and the actual distance is added to the next segment. Thus, the individual segment lengths can vary slightly, but the total distance remains constant. When a bus stop is artificially skipped, the speed peaks preceding and following the bus stop are connected together. The maximum absolute value of the acceleration in such artificial driving portions was set to 1.1 m/s2. This value was chosen based on previous works regarding passenger safety and comfort [25,26]. In the artificial stop maneuvers, and the deceleration and acceleration, which are sampled from distributions based on the measurements, are constant. This was considered to be reasonable, as the highest speed limit on the route is 60 km/h, and thus the acceleration power demand will not become excessive even at the highest speeds.



The bus line examined in this study is line 11 in Espoo, Finland (Figure 3). The line, which includes 25 bus stops, features a typical suburban bus route and had been operated by electric buses. The direction from Friisilä to Tapiola was considered, and 24 driving cycles were acquired between 27 December 2016 and 6 February 2017 from a BEB operating on the route. The bus is of the same model as the BEB that is described in Section 3.3. The measurements were used as the basis of the driving cycle synthetization process. The speed signal from the anti-lock brake system was used with a sampling rate of 1 Hz. In order to determine which bus stops the vehicle stopped at, the Global Positioning System (GPS) coordinates of the bus were logged. Passenger numbers had to be measured separately by logging them manually inside the bus. Passenger numbers were measured on 37 runs of the route between March 2016 and February 2017. The average number of passengers in the bus during a cycle was 6.1. The highest average amount of passengers in the bus on any cycle was 12.1, and the lowest value was 2.3. The peak number of passengers observed was 29.



The characteristic parameters of the Espoo 11 (E11) route are compared with those of the well-known Braunschweig (BR) bus test cycle in Table 2. Although the BR cycle represents urban driving, it was still considered to be a good comparison point because of its relatively similar characteristics and widespread use in literature, such as in the works of [2,14,27,28]. The parameter list was adapted based on previous studies [2,29]. The parameters presented for the E11 route are the averages of the values calculated for each of the measured cycles.



The aggressiveness was calculated as follows [30]:


    A =   ∑   i = 1  n    ∫    t  i , 1      t  i , 2      (  a · v  )    d t / s ,  



(1)




where  a  is the positive (forward) acceleration and  v  the speed of the bus,  n  is the number of positive acceleration periods,    t  i , 1     and    t  i , 2     are the start and end of the  i -th positive acceleration period, and  s  is the distance of the entire driving cycle. Creep and cruise were defined as follows:




	
Creep:   0 < v ≤ 4   km / h   &    | a |  ≤ 0.1   m /  s 2   



	
Cruise:   v > 4   km / h   &    | a |  ≤ 0.1   m /  s 2   








Figure 4 features an example driving cycle from the E11 route, as well as the BR cycle. The altitude profile of the E11 route is included in the figure. The purple lines in Figure 3 and Figure 4 indicate the areas of the route with high density urban dwellings. These areas tend to feature higher traffic. The altitude of the terminus is 0.5 m lower than that of the starting point. At its highest point, the route is 14.7 m above sea level, and at the lowest point, it is 2.0 m above sea level. The steepest positive road inclination angle (uphill) on the route is approximately 4.0 degrees and the steepest negative angle (downhill) is approximately −3.6 degrees. The average uphill angle is 0.4 degrees and average downhill angle −0.5 degrees.



In order to compare the influence of driving cycle and passenger load variations on different city bus powertrain configurations with simulation studies, 3000 unique synthetic cycles and passenger number sequences were generated. The number of cycles is further discussed at the end of Section 3.3. An example of a synthetic E11 cycle is shown in Figure 5. The statistical distributions of the parameters of the 3000 synthetic cycles are presented in Table 3.



The validity of the cycle synthesis method was confirmed by comparing the speed-acceleration probability distributions (SAPD) of the 24 measured cycles and the 3000 synthetic cycles. Figure 6 shows that there were only minor differences between the SAPDs. Furthermore, the Pearson correlation coefficient between the number of stops and average passenger load during a cycle was 0.605 in the measured cycles, and 0.555 in the synthetic cycles, showing that the synthetic passenger loads correlated with the frequency of stops in a realistic manner.




3.2. Reference Driving Cycles


Various bus driving cycles were gathered in order to examine how the results obtained from the single route simulations would relate to results acquired from a more varied set of driving cycles. Their characteristic parameters are presented in Table 4. The total number of different cycles was 20, which also included the BR cycle.



Cycles from lines B18 and B51 in Berkeley, California had been used by Lajunen and Lipman in a previous study [2]. The alternative Espoo 11 cycle (E11B) was used in the same study, as was the Helsinki 550 (H550) cycle. The H550 bus line contains a mix of suburban and urban driving in the Helsinki region.



The Helsinki 1 (H1), Helsinki 2 (H2), and Helsinki 3 (H3) bus test cycles were presented in a heavy-vehicle energy efficiency report by Nylund et al. [31]. The H1 cycle features urban and exit road driving while the H2 cycle only contains urban driving. The H3 cycle contains exit road and ring road driving.



The Helsinki 24 (H24), Turku 03 (TU03), and Tampere 25 (TA25) cycles were measured from the bus lines by Liimatainen et al. [32]. Each of the three lines feature both urban and suburban driving sections. The Helsinki 55 (H55), Helsinki 58 (H58), Lahti 05 (L05), and Lahti 31 (L31) cycles were acquired from buses operating on the lines. H55 and H58 feature both urban and suburban sections, while the Lahti cycles only feature suburban driving.



The Manhattan bus cycle (MAN) and New York bus cycle (NYC) are widely-used test cycles that represent bus driving in downtown Manhattan. The Orange County cycle (OCC) is another commonly used test cycle. It was developed based on driving patterns of urban transit buses in the Los Angeles, California area [33]. The Nuremberg R36 cycle and the RTE cycle feature urban driving. The RTE cycle, which was measured in Denver, CO, USA and is available in Autonomie by default, has the highest number of stops per kilometer of all the cycles. Figures of the cycles can be found in Appendix A. For these simulated cycles, the payload was set to 440 kg, which was the average passenger load in the synthetic cycles.




3.3. Simulation Models


Autonomie vehicle simulation software (revision 14), developed by Argonne National Laboratory (Lemont, IL, USA), was used in this study. The software is based on MATLAB (version R2012a), and it provides a framework for automotive control-system design, simulation, and analysis [34]. The software includes predefined powertrain architectures and libraries for powertrain components. Component initialization data is also provided, including those for heavy vehicles [35].



The six different bus models were based upon those used in Lajunen and Lipman [2]. The parallel hybrid model is of the pre-transmission kind, meaning that the electric motor is coupled with the engine at the gearbox input shaft. The hybrid electric, FCH, and battery electric buses all use lithium-ion battery packs. None of the hybrid models feature plug-in charging functionality. Plug-in models would require a separate comprehensive analysis because of their energy consumption being significantly influenced by the battery capacity and control strategy.



As measurement data was available from a battery electric bus and a diesel bus, the respective simulation models were modified to match the buses. The modified models were validated by comparing simulated and measured quantities. Diesel bus dynamometer data was acquired from VTT Technical Research Centre of Finland. The laboratory has up-to-date calibrated chassis dynamometer and measurement procedures. The measurement procedures have been accredited. The dynamometer test simulated the Braunschweig cycle. The sampling rate of the measurements was 10 Hz. In the test, the bus had a payload of 4750 kg. The curb weight of the bus is 14,750 kg. Hence, the total mass was 19,500 kg, and the mass of the simulation model was set to the same value for the validation. The energy consumption was calculated based on fuel flow data with the density of diesel fuel assumed to be 0.835 kg/L and the heating value 42.5 MJ/kg as per the default values provided by Autonomie. A comparison of the fuel rate and of the cumulative energy consumption between the measured cycle and the simulated cycle is presented in Figure 7. The root-mean-square error (RMSE) of the simulated fuel rate was 5.06 L/h. The simulated energy consumption was 61.26 kWh, and the measured consumption was 61.44 kWh, meaning that the error was 0.3%. The average ambient temperature during the measurements was 23.0 °C.



Onboard measurement data was acquired from an electric bus (Figure 8) operating on bus line 55 in Helsinki. The examined driving cycle is the H55 cycle presented in Table 4. The number of passengers during the cycle was acquired from the Helsinki Region Transport (HSL). The average mass of a passenger was again estimated to be 68 kg. The sampling rate of the measurements was 0.2 Hz. The average ambient temperature during the cycle was 22.4 °C.



The powertrain of the battery electric bus simulation model was modified to match the one in the actual bus, and the model was validated. The opportunity-charging type BEB features a lightweight aluminum chassis, and its curb weight is 10,500 kg [36]. Figure 9 shows the state-of-charge (SOC) of the battery pack during the measured and simulated cycle, as well as the speed and altitude. The SOC was estimated using Coulomb counting in both the actual bus and the simulation model. The total SOC change during the measured cycle was 23.04%, and during the simulated cycle, it was 23.02%. The RMSE of the simulated SOC was 0.52%. It can be seen in Figure 9 that the simulated SOC deviates slightly from the measured value during the first half of the cycle up to a maximum difference of 1.20%, and then during the second half, the simulated and measured values converge again. This was presumed to be a result of inaccuracy in the altitude profile, as the cycle featured the full route of the Helsinki 55 bus line.



The validated electric powertrain, excluding the battery pack, was also implemented into the series hybrid and fuel cell hybrid bus simulation models. The powertrain specifications of the simulation models can be found in Table 5. In order to acquire a fair comparison for the six different powertrain configurations, the masses of each of the bus models were reconfigured using the mass of the electric bus as the baseline. The relative differences between the masses of the powertrains were determined based on available bus model specifications. Based on the works of [37,38,39], it was estimated that diesel, parallel hybrid, and battery electric bus powertrains weigh approximately the same amount if the battery electric configuration is of the opportunity-charging type with a relatively light battery pack. Hence, the curb weights of the three models were set equal. The differences between the masses of the series hybrid, CNG, and diesel buses were approximated based on the work of [40]. The FCH powertrain was estimated to weigh 1630 kg more than the diesel powertrain based on bus specifications found in an FCH bus operation report by Eudy and Post [41].



The chassis dimensions, as well as the frontal area, drag coefficient, and rolling resistance coefficients, were all defined as the same for each model (Table 6). The ambient temperature was set to 22.5 °C for the simulations. The speed and deceleration limits for regenerative braking modes for the parallel hybrid, series hybrid, FCH, and battery electric bus models are presented in Table 7. When the conditions for both modes are met, full regeneration mode is preferred.



In order to acquire a reference level for the energy consumption of each of the six different vehicles, the BR cycle was run with the models both with no extra load and with an extra load of 1000 kg. Figure 10 shows the energy consumption variations caused by the load.



On the Braunschweig cycle tests, the CNG bus had on average approximately 15% higher energy consumption than the diesel bus. The series hybrid consumed approximately 2% less energy than the parallel hybrid and 30% less than the diesel bus. The mean consumption of the FCH bus was 25% lower than that of the series hybrid, and the BEB consumed approximately 57% less energy than the FCH. The effect of the 1000 kg of mass was approximately 0.25, 0.24, 0.19, 0.17, 0.13, and 0.05 kWh/km for the CNG, diesel, parallel hybrid, series hybrid, FCH, and BEB, respectively.



As was mentioned in Section 3.1, 3000 synthetic cycles were generated. The average energy consumption of the diesel bus was plotted as a function of the number of simulated cycles in order to examine the sufficiency of the number of synthetic cycles (Figure 11).



As can be seen in Figure 11, there was significant variation in the average consumption during the first 500 cycles. During the final 500 cycles, the value only varied between 3.5920 and 3.5905 kWh/km. Hence, it can be stated that 3000 cycles produce statistically reliable results.





4. Results and Discussion


4.1. Synthetic Suburban Cycle Simulations


The energy consumption histograms of the 3000 synthetic E11 cycles are presented in Figure 12 and the distribution statistics in Table 8. The coefficient of variation (CV), which describes the statistical dispersion of the data, is calculated by dividing the standard deviation with the mean.



The results show that the CNG bus consumed on average 14.2% more energy than the diesel bus. This is consistent with previous studies, which have shown that CNG buses are more energy-consuming than diesel buses because of lower engine efficiency [2,20]. CNG engines could potentially be closer to diesel engines in terms of energy consumption in series hybrid configurations. This is because CNG engines would benefit more from being operated only at their most efficient operating point because of higher variation in the efficiency map.



The results demonstrate the significant energy consumption reductions that hybrid powertrains can yield compared with conventional powertrains. Even the hybrid bus that had the highest consumption, the parallel hybrid, consumed 30% less energy on average than the diesel bus. The series hybrid consumed approximately 5% less energy on average than the parallel hybrid. However, the CV of the consumption was slightly lower with the parallel hybrid than with the series hybrid. The BEB had the lowest energy consumption by a large margin; even the FCH consumed 130% more energy on average. Furthermore, the BEB had the lowest statistical dispersion of the consumption, which demonstrates that the battery electric powertrain is the most resistant of the six compared powertrains to variations in the driving cycle on a typical suburban driving route. The lower variation compared with the hybrid powertrains is mostly due to the battery electric powertrain lacking the kind of relatively inefficient component (i.e., ICE, engine-generator, or fuel cell) that the hybrid powertrains need to deploy to a varying extent depending on the driving cycle.



The regenerative braking efficiency was calculated as the ratio of energy stored into the battery and the energy wasted as heat with the brakes during periods when negative power was provided to the driven wheels. The parallel hybrid powertrain was left out of this comparison because of the fact that the ICE would occasionally provide positive torque during light braking maneuvers depending on the SOC of the battery, which would skew the calculated efficiency. The efficiency histograms are presented in Figure 13 and the statistics in Table 9.



The regenerative braking efficiency results show that the BEB was slightly more efficient at regenerating the energy than the series or FCH buses. This is because of the lower mass of the battery electric powertrain, as the regeneration power demand would exceed the limits of the motor less frequently. Additionally, the mass generally influences the operation point during the regeneration. The FCH bus had the lowest efficiency, as it is the heaviest of the three because of the hydrogen tank.



In order to assess the effect that the various cycle parameters had on the energy consumption of each powertrain, the Pearson correlation coefficients were calculated for the parameters and the consumption. The coefficients are presented in Table 10. In the table, the coefficients have been ordered from highest to lowest based on the average absolute values of the coefficients.



The results demonstrate that aggressiveness, as defined in Equation (1), is a robust way of describing the energy demand of a driving cycle, as it had the highest correlation with the consumption on average. Comparing the conventional powertrains, the diesel bus appears to have been slightly more sensitive to aggressiveness than the CNG bus, which is an interesting result, especially considering the higher mass of the CNG powertrain. The result can be explained by the differences in the efficiency maps, as the diesel engine model has a more consistent efficiency in the usual operating region, meaning that more aggressive driving maneuvers could result in a comparatively higher efficiency increase with the CNG engine. On the other hand, the consumption of the CNG bus correlated stronger with the frequency of stops. This phenomenon is at least in part explained by the CNG bus consuming more energy during idling because of a lower efficiency at that operating point. This can also be seen in the correlation between the average stop duration and the consumption. The efficiency during idling was approximately 25% with the diesel engine and approximately 15% with the CNG engine. Such a large difference is not necessarily universally true for all CNG and diesel bus engines, but instead is specific to the engine models used in this study.



The differences between the three hybrid buses were mostly small. The parallel hybrid was slightly less sensitive to the aggressiveness of the cycle than the series hybrid and FCH buses, but it was more sensitive to the stop frequency and especially to the average speed and driving speed. The slightly lower sensitivity to aggressiveness and average acceleration of the parallel hybrid may have been due to the ICE being directly connected to the wheels, and hence more aggressive maneuvers could increase the efficiency of the ICE. With electric motors, the efficiency is more constant. The electric motor in the parallel hybrid is also less powerful than those of the other hybrids and the BEB. This means that the regeneration will be more often limited by the maximum power of the motor, thus making the parallel hybrid waste more energy as heat in braking maneuvers.



Table 10 clearly shows that the passenger load was less significant to the consumption than the driving cycle. Part of the reason for this is that the examined bus line is not particularly busy. The correlation between the average passenger load and the consumption was similar with each model. The correlation was slightly higher with the diesel bus than with the CNG bus, which was likely due to the CNG bus being heavier and thus the passenger load being proportionally a smaller increase in the total mass. For the same reason, the correlation was higher with the BEB than with the FCH bus, and with the FCH bus, it was higher compared with the series hybrid bus, all three of which share the same electric powertrain, except for the battery pack.



The cycle parameters are inherently connected to one another and thus correlate with each other. In order to try to evaluate the uncorrelated effect of the cycle parameters on the consumption, the multiple linear regression analysis method presented by Xu and Gertner [42] was used. The method is based on using variance decomposition to separate the correlated and uncorrelated portion of the effect. The correlation in this context means the correlation between the different examined factors. The five most influential parameters as per Table 10 plus the average passenger load were examined in the analysis. The analysis is presented in Figure 14. A limited parameter selection was used, as examining all the parameters at once would cause the calculated uncorrelated influence of the parameters to be negligible. This is because of how strongly all of the different cycle properties correlate with each other.



It can be seen in Figure 14 that aggressiveness had the highest amount of uncorrelated influence on consumption. Aggressiveness had the highest amount of uncorrelated influence on consumption of the diesel bus (15.88%) and the lowest amount on consumption of the parallel hybrid (9.28%). The results indicate that, between the conventional bus types, the diesel bus is more sensitive to aggressiveness of the driving maneuvers. Among the hybrids, the parallel hybrid appears the least influenced by aggressiveness based on these results. The average passenger load had the highest amount of uncorrelated influence on the consumption of the BEB (6.64%) and the lowest on the consumption of the CNG bus (2.54%). The results are indicative of the fact that the passenger load is proportionally less significant with the conventional bus powertrains than with the hybrid and battery electric powertrains. This is because the driving cycle properties are comparatively more influential with the conventional models because of the lower and more varying tank-to-wheels efficiency and the lack of regenerative braking.




4.2. Reference Cycle Simulations


The energy consumption statistics of the six bus models on the driving cycles presented in Section 3.2 are shown in Table 11. It should be noted that the analysis only included 19 cycles instead of 20, as the NYC cycle had to be rejected because of the parallel hybrid bus being unable to complete it without a significant decrease in the SOC level. Additionally, the B18 cycle had to be completed in two parts with the BEB, as the battery pack did not have a high enough capacity to complete such a long route on a single charge.



The results are mostly consistent with those acquired with the synthetic E11 cycles. However, it can be seen that this time, the parallel hybrid bus had a significantly higher statistical dispersion of the consumption compared with the other hybrids. The maximum consumption, which occurred on the RTE cycle, was also substantially higher compared with the other hybrid buses. On city center type cycles, with high aggressiveness and frequent stops, the parallel hybrid started to struggle to maintain the SOC of the battery pack at a constant level. The issue was that the amount of energy that could be regenerated during braking was more limited because of the lower speeds. Furthermore, there were limited opportunities to charge the battery during acceleration because of the ICE already delivering close to maximum power for propulsion. Hence, the electrical auxiliary device power demand was nearly as high as the average regeneration power. Thus, the electric motor was barely used for propulsion at all. As mentioned earlier, on the NYC cycle, the regeneration opportunities were so limited that the SOC could not be maintained at a constant level. Further examination of the results indicated that the consumption of the parallel hybrid started to increase more compared with the series hybrid on cycles with above 2.5 stops per km and 0.23 m/s2 aggressiveness. These results demonstrate that parallel hybrid buses are not well-suited for low-speed city center stop-and-go type driving.



Mild hybrid powertrains were not considered in this study because of a lack of availability of up-to-date models and validation data. Mild hybrids use the parallel hybrid powertrain configuration and do not feature an exclusive electric-only mode of propulsion. The electrical energy storage capacity in mild hybrids is significantly lower than in parallel (full) hybrids, and the electric motor is less powerful [43]. It is assumed that, depending on the degree of hybridization, they would fall somewhere between the diesel and parallel hybrid models, both in terms of mean energy consumption and the dispersion of the consumption. In Lajunen [14], a mild hybrid bus featuring ultracapacitors and a 75 kW electric motor was shown to consume more energy than a parallel hybrid bus, but still substantially less than a conventional diesel bus when compared on a few different driving cycles. On the lowest-consuming cycle, the consumption of the mild hybrid was almost on par with that of the parallel hybrid, but on the highest-consuming cycle, it was about halfway between the parallel hybrid and diesel buses.



The correlation coefficients between the cycle parameters and the consumption on the 19 cycles are shown in Table 12.



As can be seen in the table, the stop frequency on these cycles had the highest correlation with the consumption. Average deceleration also had a slightly higher correlation with the consumption compared with the E11 cycles. Additionally, the maximum speed of the cycle correlated more with the consumption, as with a broader variety of cycles, the maximum speed is correlated more with the general nature of the cycle, whereas on a single route, it does not have much significance. One notable result is that the correlation between the consumption and the aggressiveness was slightly lower with the parallel hybrid than the series hybrid, which could seem to contradict the earlier explanation about the consumption of the parallel hybrid on aggressive cycles. However, this may simply be because the correlation between aggressiveness and the energy consumption of the parallel hybrid was somewhat exponential with high aggressiveness values, while the Pearson coefficient is a measure of linear correlation. The assumption of linearity is one of the weaknesses of this type of analysis. Additionally, the sample size of 19 cycles is relatively low, and that affects the reliability of the results. A variance decomposition analysis was conducted for these results as well (Figure 15). The top five parameters in Table 12 were examined.



Compared with the E11 route results, the variance decomposition shows that the aggressiveness had less uncorrelated influence on the consumption. This is partially because average deceleration is now included in the five parameters, which had high correlation with aggressiveness (−0.90). However, even when swapping the average deceleration to average speed, the uncorrelated influence of the aggressiveness only varied between 2.64% and 4.95%. This is because there was more significant variation in the other aspects of the cycles compared with the Espoo suburban single-route driving cycles. Hence, aggressiveness also correlated more with the other properties. Nonetheless, similar trends to the Espoo 11 synthetic cycle results can be seen. Aggressiveness had a lower uncorrelated influence again to the energy consumption of the CNG bus than to that of the diesel bus. It also again had lower uncorrelated influence to the consumption of the BEB than the FCH bus.



Based on the results of this comprehensive energy consumption study, a brief summary of the consumption-related advantages and disadvantages of each of the six city bus powertrains is presented in Table 13.





5. Conclusions


In this paper, the sensitivity of the energy consumption of the most common city bus powertrain topologies to driving cycle and passenger load variations was analyzed. Three-thousand varying synthetic cycles and passenger number sequences were generated for a typical suburban bus route based on cycles and passenger numbers measured from a route in Espoo, Finland. Additionally, twenty reference driving cycles featuring various types of driving were simulated. The cycles were simulated with six different bus models, including diesel, CNG, parallel hybrid, series hybrid, FCH, and battery electric buses. The electric powertrain used in the hybrids and the BEB was validated based on measurement data, as was the diesel powertrain. The masses of the models were configured such that the chassis was assumed to be the same with each model. The correlations between the various cycle parameters and the energy consumption were analyzed. Further examination was conducted using variance decomposition analysis to investigate the uncorrelated effects of the parameters. Novel comparative data about the influence of cycle characteristics on the energy consumption of city buses was acquired.



Firstly, the results demonstrated that the aggressiveness parameter, which has thus far been seldom used in publications, is an effective way to characterize the energy demand of a driving cycle, as it had the highest correlation with consumption in the synthetic cycles and the second highest behind stop frequency in the measured cycles. The way aggressiveness is formulated in Equation (1) puts particular emphasis on high-speed acceleration maneuvers. Hence, one implication of the results is that particular attention should be paid to limiting high-speed accelerations of buses in order to minimize energy consumption. The passenger load variations were found to be substantially less influential to the consumption than the variations in the driving cycle. Heavier powertrains were proportionally less affected by the passenger load as a result of the load being comparatively a smaller increase in the total mass of the bus. Thus, it can be stated that the more crowded the bus line is, the more competitive the heavier powertrain options are in terms of energy consumption.



The results showed that the CNG bus had a higher energy consumption, as well as higher consumption dispersion, compared with the diesel bus. The results also indicated that diesel buses are the most sensitive to the aggressiveness of the driving. Therefore, it is particularly important to provide coaching or assistance systems for drivers of diesel buses in order minimize the aggressiveness of their driving styles, thus minimizing energy use and pollution. An examination of the hybrid bus consumptions showed that the parallel hybrid had a lower statistical dispersion of the consumption, but a higher mean consumption than the series hybrid on the Espoo suburban cycles. On the other hand, on the collection of more varied types of cycles, the parallel hybrid had a significantly higher dispersion and maximum consumption. This was because the parallel hybrid could not make full use of the versatility of its powertrain when the aggressiveness and stop frequency of the cycle increased beyond a certain point. Based on this result, it is strongly recommended for transit agencies to pay close attention to which kinds of routes parallel hybrid buses are deployed on. On suitable routes, they may offer a more consistent energy consumption than series hybrid buses, but on too aggressive cycles, they will be highly inefficient and, at worst, may even be unusable, as was seen with the NYC driving cycle in this study. The severity of this issue could potentially be reduced by designing parallel hybrid buses in a way that would allow taking a larger portion of the auxiliary device power from the engine in cases where regeneration opportunities are severely limited.



The BEB had the lowest consumption and consumption dispersion in the simulations, which demonstrates that this topology is the most resistant one against driving cycle variations. Additionally, the analysis showed that the energy consumption of the battery electric powertrain was less sensitive to the aggressiveness of the driving compared with the series and fuel cell hybrid powertrains.



Future research is needed to better understand how the specifications and component choices of the different topologies might alter the results. Additional parameters should also be examined, especially the energy consumption influence of ambient temperature and weather conditions and their interactions with the driving cycle.
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Appendix A. Driving Cycles


In this appendix, the bus driving cycles used in the simulations that were not shown in Section 3 are presented. The cycles have been grouped together into four figures based on their durations.
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Figure A1. City bus driving cycles with a maximum duration of 1300 s. 
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Figure A2. City bus driving cycles with a maximum duration of 2200 s. 
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Figure A3. City bus driving cycles with a maximum duration of 4500 s. 
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Figure A4. Berkeley bus line 18 driving cycle. 
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Figure 1. Simplified layouts of different city bus powertrain configurations (AUX = auxiliary devices, BAT = battery, FC = fuel cell, FD = final drive, GB = gearbox, GC = generator and controller, MC = motor and controller, TC = torque coupler). 
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Figure 2. Driving cycle synthetization flowchart. 
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Figure 3. Espoo bus line 11, purple sections indicate areas with high density urban dwellings. (Map data ©2018 Google). 
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Figure 4. Comparison between Braunschweig (BR) and Espoo 11 (E11), purple sections in the E11 cycle indicate areas with high density urban dwellings. 
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Figure 5. Example of a synthetic Espoo 11 driving cycle and number of passengers. 
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Figure 6. Speed-acceleration distributions of the measured and 3000 synthetic cycles. 
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Figure 7. Speed, fuel rate, and cumulative energy consumption during the simulated and actual validation cycle. 
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Figure 8. Linkker battery electric bus operating in Finland. 
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Figure 9. Electric bus simulation model validation graphs. 
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Figure 10. Energy consumption on the BR cycle without load and with a 1000 kg load. 
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Figure 11. Overall average energy consumption of the diesel bus model versus number of simulated synthetic cycles. 
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Figure 12. Energy consumption histograms of the simulated synthetic E11 driving cycles. 
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Figure 13. Regenerative braking efficiency histograms. 






Figure 13. Regenerative braking efficiency histograms.



[image: Energies 11 01755 g013]







[image: Energies 11 01755 g014 550] 





Figure 14. Variance decomposition analysis for the six buses on the synthetic E11 cycles. 
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Figure 15. Variance decomposition analysis for the six buses on the 19 reference cycles. 






Figure 15. Variance decomposition analysis for the six buses on the 19 reference cycles.



[image: Energies 11 01755 g015]







[image: Table] 





Table 1. Summary of literature review.






Table 1. Summary of literature review.





	
Category

	
Ref.

	
Authors and Year

	
Geographic Context

	
Major Results






	
Lifecycle cost comparison

	
[2]

	
Lajunen and Lipman, 2016

	
Generic, multiple driving cycles

	
Diesel hybrid buses are currently the most feasible alternative for conventional buses [2,19].

TCO of FCH buses is more than twice as high as that of diesel buses [2,19].




	
[19]

	
Ally and Pryor, 2016

	
Perth, Australia




	
Emissions and optimal fleet composition

	
[11]

	
García Sánchez et al., 2013

	
Spain

	
Electricity production methods and local energy availability strongly influence optimal composition [11,20,21,22].

Viability of BEBs correlates with the amount of congestion in the region [12].

Heterogeneous compositions are better in regions with less energy-demanding driving [12].

Hybrid buses are a robust option for any environment [11,12,20,21,22].




	
[12]

	
Ercan et al., 2015

	
United States




	
[20]

	
Wang et al., 2015

	
China




	
[21]

	
Xu et al., 2015

	
United States




	
[22]

	
Correa et al., 2017

	
Argentina




	
Energy consumption and emissions analysis

	
[13]

	
Bottiglione et al., 2014

	
Taranto, Italy

	
Consumption of hybrids and BEBs is less dependent on the driving cycle compared to diesel and CNG buses [13,14].

Plug-in hybrid buses and BEBs have the highest potential to reduce energy use and emissions [14].

Energy consumption of BEBs and hybrids is more sensitive to auxiliary device power demand [13,23].




	
[14]

	
Lajunen, 2014

	
Generic, multiple driving cycles




	
[23]

	
Zhou et al., 2016

	
Macao, China
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Table 2. Braunschweig (BR) and Espoo 11 (E11) characteristic parameter comparison.
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	Parameter
	BR
	E11





	Max. speed (km/h)
	58.2
	54.8



	Average speed (km/h)
	22.5
	21.8



	Average driving speed (km/h)
	29.5
	26.2



	Distance (km)
	10.9
	9.74



	Stops per km
	2.6
	2.1



	Duration (s)
	1740
	1637



	Total stop time (s)
	412
	283



	Avg. stop duration (s)
	14.2
	12.9



	Creep percentage
	1.7%
	1.8%



	Cruise percentage
	12.8%
	15.2%



	Idle percentage
	23.7%
	16.8%



	Max. acceleration (m/s2)
	2.41
	1.44



	Max. deceleration (m/s2)
	3.58
	1.81



	Avg. acceleration (m/s2)
	0.54
	0.46



	Avg. deceleration (m/s2)
	0.72
	0.43



	Aggressiveness (m/s2)
	0.22
	0.19
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Table 3. Parameter distribution statistics of the synthetic driving cycles.
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	Parameter
	Mean
	Standard Deviation
	Maximum
	Minimum





	Max. speed (km/h)
	56.2
	3.8
	65.4
	47.45



	Avg. speed (km/h)
	21.3
	1.3
	27.0
	16.9



	Avg. drv. speed (km/h)
	25.7
	1.1
	30.7
	21.6



	Stops per km
	2.12
	0.34
	3.39
	0.82



	Avg. passengers
	6.42
	2.38
	14.57
	0.29



	Cycle duration (s)
	1656
	102
	2075
	1300



	Total stop time (s)
	290
	60
	541
	115



	Avg. stop duration (s)
	13.4
	2.1
	23.0
	8.3



	Creep percentage
	1.3%
	0.6%
	4.3%
	0.3%



	Cruise percentage
	14.3%
	2.1%
	22.8%
	8.1%



	Idle percentage
	17.4%
	2.8%
	28.3%
	8.8%



	Max. acceleration (m/s2)
	1.48
	0.11
	1.75
	1.11



	Max. deceleration (m/s2)
	1.91
	0.25
	2.76
	1.37



	Avg. acceleration (m/s2)
	0.46
	0.03
	0.57
	0.35



	Avg. deceleration (m/s2)
	0.41
	0.03
	0.51
	0.30



	Aggressiveness (m/s2)
	0.19
	0.01
	0.23
	0.15
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Table 4. Bus driving cycle characteristic parameters.
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	Parameter
	B18
	B51
	E11B
	H1
	H2
	H3
	H24
	H55
	H550
	H58
	L05
	L31
	MAN
	NYC
	OCC
	R36
	RTE
	TA25
	TU03





	Max. spd (km/h)
	54.2
	59.0
	58.4
	71.7
	52.5
	71.7
	50.2
	49.4
	74.9
	86.9
	55.4
	59.8
	40.5
	49.3
	65.4
	53.4
	32.5
	56.3
	46.0



	Avg. spd (km/h)
	16.6
	13.6
	23.8
	25.4
	19.6
	41.2
	17.3
	18.2
	30.5
	25.4
	18.8
	22.3
	10.9
	5.9
	19.8
	14.3
	7.2
	20.4
	18.2



	Avg. drv. spd (km/h)
	22.4
	19.7
	27.5
	33.2
	26.5
	47.9
	20.4
	22.9
	35.5
	32.6
	25.2
	27.1
	16.4
	15.9
	24.4
	20.0
	13.6
	24.2
	22.2



	Distance (km)
	42.4
	16.1
	10.2
	7.5
	8.2
	10.3
	7.3
	16.7
	28.7
	30.7
	11.3
	12.4
	3.3
	0.98
	10.5
	4.3
	2.6
	9.4
	8.9



	Stops per km
	3.3
	4.2
	1.7
	2.0
	3.1
	0.8
	3.4
	2.0
	1.3
	2.6
	1.9
	1.9
	5.7
	10.2
	2.9
	5.4
	10.5
	3.0
	3.8



	Duration (s)
	9177
	4283
	1548
	1066
	1501
	902
	1529
	3305
	3384
	4354
	2165
	1997
	1089
	600
	1909
	1084
	1289
	1667
	1756



	Total stop time (s)
	2354
	1336
	412
	249
	394
	125
	234
	668
	472
	961
	549
	355
	363
	377
	355
	309
	606
	262
	315



	Avg. stop dura. (s)
	16.8
	19.4
	11.4
	15.6
	15.2
	13.9
	9.0
	19.6
	12.4
	12.0
	23.9
	14.2
	18.2
	34.3
	11.5
	12.9
	21.6
	9.0
	9



	Creep %
	4.2
	3.4
	0.1
	0.7
	0.8
	0.3
	0.1
	1.7
	0.1
	0.1
	2.5
	3.5
	1.8
	0.0
	2.9
	0.2
	0.0
	0.2
	0.3



	Cruise %
	11.6
	6.5
	22.2
	10.5
	7.3
	19.0
	9.3
	16.8
	16.8
	7.8
	16.1
	12.0
	8.8
	4.7
	14.4
	7.1
	4.3
	8.9
	10.6



	Idle %
	26.6
	32.4
	13.3
	24.2
	26.8
	13.9
	15.9
	20.4
	14.1
	22.4
	26.1
	18.6
	34.3
	65.3
	19.6
	28.5
	56.9
	16.3
	18.5



	Max. acc. (m/s2)
	1.87
	1.93
	1.60
	1.50
	1.50
	1.42
	2.83
	0.99
	2.03
	1.93
	1.52
	1.81
	2.0
	2.76
	1.81
	1.87
	1.69
	2.84
	4.10



	Max. dec. (m/s2)
	2.21
	1.98
	1.90
	2.33
	2.33
	1.94
	3.82
	1.53
	2.86
	3.14
	1.70
	2.14
	2.49
	2.04
	2.29
	2.10
	2.26
	4.44
	3.95



	Avg. acc. (m/s2)
	0.45
	0.57
	0.38
	0.60
	0.63
	0.54
	0.68
	0.37
	0.50
	0.64
	0.42
	0.56
	0.54
	1.16
	0.45
	0.57
	0.76
	0.71
	0.65



	Avg. dec. (m/s2)
	0.51
	0.60
	0.39
	0.60
	0.62
	0.56
	0.73
	0.33
	0.50
	0.78
	0.39
	0.46
	0.70
	0.67
	0.66
	0.55
	1.07
	0.77
	0.68



	Aggr. (m/s2)
	0.20
	0.26
	0.14
	0.22
	0.26
	0.19
	0.30
	0.15
	0.20
	0.24
	0.17
	0.21
	0.28
	0.38
	0.22
	0.24
	0.33
	0.30
	0.27
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Table 5. City bus simulation model parameters.






Table 5. City bus simulation model parameters.





	Parameter
	Diesel
	CNG
	Par. Hybrid
	Ser. Hybrid
	Electric
	FCH





	Curb weight (kg)
	10,500
	11,630
	10,500
	11,630
	10,500
	12,130



	ICE peak power (kW)
	235
	205
	160
	160
	-
	-



	EM peak power (kW)
	-
	-
	167
	180/270 (regen.)
	180/270 (regen.)
	180/270 (regen.)



	Fuel cell power (kW)
	-
	-
	-
	-
	-
	160



	Battery capacity (kWh)
	-
	-
	7.7
	11.6
	55.2
	11.6



	Battery nom. voltage (V)
	-
	-
	648
	648
	690
	648



	Batt. cell config. (series × parallel)
	-
	-
	180 × 2
	180 × 3
	300 × 4
	180 × 3



	Transmission
	6-speed automatic
	6-speed automatic
	12-speed automatic
	Fixed gear ratio
	Fixed gear ratio
	Fixed gear ratio



	Aux. power (kW)
	4 (mech.)

1 (elec.)
	4 (mech.)

1 (elec.)
	1 (mech.)

4 (elec.)
	1 (mech.)

4 (elec.)
	4 (elec.)
	4 (elec.)
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Table 6. Simulation model common parameters.






Table 6. Simulation model common parameters.





	Parameter
	Value





	Vehicle frontal area (m2)
	7.24



	Drag coefficient
	0.79



	Rolling resistance first coefficient
	0.008



	Rolling resistance second coefficient [1/(m/s)]
	0.00012



	Wheelbase (m)
	6.85



	Front weight fraction
	0.4



	Center of gravity, height (m)
	0.77
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Table 7. Regenerative braking speed and acceleration limits.






Table 7. Regenerative braking speed and acceleration limits.










	
	Partial Regeneration
	Full Regeneration





	Speed (km/h)
	 v  ≥ 5.4
	 v  ≥ 10.8



	Acceleration (m/s2)
	0 >  a  ≥ −4
	0 >  a  ≥ −2.5
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Table 8. Simulated energy consumption distribution statistics on the synthetic cycles.






Table 8. Simulated energy consumption distribution statistics on the synthetic cycles.





	Bus Type
	Mean (kWh/km)
	Std. Dev. (kWh/km)
	CV (-)
	Max. (kWh/km)
	Min. (kWh/km)





	CNG
	4.103
	0.197
	0.048
	4.744
	3.340



	Diesel
	3.592
	0.162
	0.045
	4.078
	2.995



	Parallel hybrid
	2.517
	0.081
	0.032
	2.776
	2.199



	Series hybrid
	2.394
	0.080
	0.033
	2.625
	2.120



	FCH
	1.849
	0.069
	0.038
	2.067
	1.591



	Electric
	0.804
	0.025
	0.031
	0.881
	0.714
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Table 9. Regenerative braking efficiency statistics.






Table 9. Regenerative braking efficiency statistics.





	Bus Type
	Mean
	Std. Dev.
	CV (-)
	Max.
	Min.





	Series hybrid
	61.91%
	1.23%
	0.020
	65.87%
	56.60%



	FCH
	61.71%
	1.23%
	0.020
	65.71%
	56.42%



	Electric
	63.66%
	1.30%
	0.021
	67.92%
	57.93%
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Table 10. Pearson correlation coefficients for cycle parameters and energy consumption on the synthetic cycles.






Table 10. Pearson correlation coefficients for cycle parameters and energy consumption on the synthetic cycles.





	Parameter
	CNG
	Diesel
	Par
	Ser
	FCH
	Elec





	Aggressiveness
	0.789
	0.857
	0.772
	0.810
	0.806
	0.791



	Stops per km
	0.827
	0.779
	0.812
	0.755
	0.797
	0.799



	Avg. speed
	−0.828
	−0.727
	−0.803
	−0.678
	−0.778
	−0.757



	Cruise %
	−0.697
	−0.721
	−0.672
	−0.669
	−0.701
	−0.694



	Total stop time
	0.733
	0.654
	0.644
	0.626
	0.712
	0.701



	Avg. acc.
	0.636
	0.705
	0.636
	0.701
	0.682
	0.669



	Avg. dec.
	0.655
	0.723
	0.612
	0.685
	0.638
	0.667



	Avg. driving speed
	−0.707
	−0.601
	−0.746
	−0.576
	−0.652
	−0.630



	Idle %
	0.623
	0.560
	0.522
	0.553
	0.628
	0.621



	Avg. passengers
	0.504
	0.538
	0.557
	0.569
	0.532
	0.584



	Creep %
	0.218
	0.195
	0.247
	0.181
	0.240
	0.222



	Max. dec.
	0.147
	0.169
	0.169
	0.170
	0.163
	0.161



	Max. speed
	0.114
	0.126
	0.136
	0.159
	0.182
	0.166



	Avg. stop duration
	0.163
	0.104
	0.061
	0.090
	0.165
	0.147



	Max. acc.
	0.094
	0.085
	0.116
	0.124
	0.099
	0.115
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Table 11. Energy consumption statistics on the 19 measured cycles presented in Section 3.2.
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	Bus type
	Mean (kWh/km)
	Std. Dev. (kWh/km)
	CV (-)
	Max. (kWh/km)
	Min. (kWh/km)





	CNG
	4.932
	1.267
	0.257
	8.993
	3.516



	Diesel
	4.199
	0.913
	0.218
	7.018
	3.041



	Parallel hybrid
	2.967
	0.573
	0.193
	4.689
	2.291



	Series hybrid
	2.802
	0.420
	0.150
	4.098
	2.193



	FCH
	2.240
	0.367
	0.164
	3.349
	1.707



	Electric
	0.929
	0.131
	0.141
	1.355
	0.742
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Table 12. Pearson correlation coefficients for cycle parameters and energy consumption on the cycles in Section 3.2.






Table 12. Pearson correlation coefficients for cycle parameters and energy consumption on the cycles in Section 3.2.





	Parameter
	CNG
	Diesel
	Parallel
	Series
	FCH
	Electric





	Stops per km
	0.970
	0.954
	0.933
	0.879
	0.932
	0.889



	Aggressiveness
	0.830
	0.876
	0.900
	0.916
	0.871
	0.845



	Cruise %
	−0.818
	−0.834
	−0.837
	−0.809
	−0.836
	−0.759



	Avg. dec.
	0.718
	0.769
	0.811
	0.880
	0.782
	0.820



	Idle %
	0.842
	0.808
	0.753
	0.706
	0.821
	0.775



	Avg. acc.
	0.629
	0.686
	0.666
	0.765
	0.654
	0.676



	Avg. speed
	−0.771
	−0.746
	−0.702
	−0.548
	−0.676
	−0.519



	Avg. drv. speed
	−0.789
	−0.770
	−0.575
	−0.455
	−0.578
	−0.408



	Max. speed
	−0.677
	−0.645
	−0.621
	−0.478
	−0.549
	−0.450



	Creep %
	−0.258
	−0.294
	−0.337
	−0.425
	−0.329
	−0.410



	Avg. stop duration
	0.352
	0.293
	0.237
	0.177
	0.333
	0.297



	Max. acc.
	0.174
	0.238
	0.289
	0.289
	0.188
	0.156



	Max. dec.
	0.118
	0.198
	0.242
	0.312
	0.164
	0.176



	Total stop time
	0.132
	0.124
	0.067
	0.034
	0.131
	0.077
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Table 13. Summary of pros and cons of the energy consumption characteristics of the different city bus powertrains.






Table 13. Summary of pros and cons of the energy consumption characteristics of the different city bus powertrains.





	Powertrain
	Pros
	Cons





	CNG
	+Energy consumption influenced less by the aggressiveness compared to the diesel bus
	−Highest consumption and statistical dispersion of consumption



	Diesel
	+Lower consumption and consumption dispersion than with the CNG powertrain
	−More affected by the aggressiveness of the driving than the CNG powertrain



	Parallel hybrid
	+Can yield lower consumption dispersion than series hybrid on suitable routes
	−High consumption on unsuited routes with too high aggressiveness and stop frequency



	Series hybrid
	+Suitable for any kind of route, consistent performance
	−Can have higher consumption dispersion than parallel hybrid on suburban routes



	FCH
	+Lowest energy consumption of the hybrid powertrains
	−Higher statistical dispersion of consumption compared to series hybrid



	Battery electric
	+Lowest energy consumption and consumption dispersion
	−Limited range
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