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Abstract

:

This study investigates pollutant emissions and fuel consumption of six Euro VI hybrid-diesel public transport buses operating on different scheduled routes in a metropolitan urban road network. Portable emission measurement systems (PEMS) are used in measurements and results are compared to those obtained from a paired number of Euro V conventional buses of the same body type used as control over the same routes. The selected routes vary from urban to highway driving and the experimentation was conducted over the first half of 2015. The available emissions data correspond to a wide range of driving, operating, and ambient conditions. Fuel consumption, distance- and energy-based emission levels are derived and presented in a comparative manner. The effect of different factors, including speed, ambient temperature, and road grade on fuel consumption and emissions performance is investigated. Mean fuel consumption of hybrid buses was found 6.1% lower than conventional ones, from 20% lower up to 16% higher, over six routes tested in total. The mean route difference between the two technologies was not statistically significant. Air conditioning decreased consumption benefits of the hybrid buses. Decrease of the mean route speed from 15 km h−1 tο 8 km h−1 increased the hybrid buses consumption by 63%. Nitrogen oxides (NOx) emissions of the Euro VI hybrid buses were 93 ± 5% lower than conventional Euro V ones. Nitrous oxide (N2O) emissions from hybrid Euro VI buses made up 5.9% of total greenhouse gas emissions and largely offset carbon dioxide (CO2) benefits. The results suggest that hybrid urban buses need to be assessed under realistic operation and environmental conditions to assess their true environmental and fuel consumption benefits.






Keywords:


Euro VI; Euro V; hybrid technology; double-deck buses; portable emission measurement systems (PEMS); efficiency












1. Introduction


Control of the environmental impacts of road transport is pursued by local authorities of metropolitan areas around the world to ensure the quality of urban living [1], protect public health [2] and mitigate associated costs [3]. For public authorities, the cost of transport comprises both externalities, i.e., congestion, accidents, environmental and health related costs [4,5], but also direct costs for purchasing and operating the vehicle fleet [6] and maintaining road infrastructure [7]. Fuel consumption is the main direct cost element of urban transit fleet operation [8]. Options that can reduce direct and external costs of road transport are therefore of importance [9,10].



Hybrid urban buses are considered as one such option, with the main reduction in costs expected from a decreased fuel consumption (FC) over conventional buses. Powertrain simulation results indicate that both parallel and series hybrid systems can offer fuel economy benefits up to 45% over conventional buses [11,12,13,14]. Results from experimental assessments vary. Merkisz and Pielecha [15] found that the FC of a hybrid-diesel bus was 15–18% lower than a corresponding conventional one, depending on traffic conditions in the city of Poznan, Poland. Hallmark et al. [8] reported an average 11.8% higher fuel economy of three hybrid buses than two conventional ones in Iowa, USA. Semercioglu et al. [16] observed a 30% fuel savings potential, after examining the results of one hybrid bus over a conventional one in Sakarya, Turkey. Guo et al. [17] also reported significant fuel benefits from two parallel hybrid buses over conventional ones, but the variability in driving conditions did not make possible to precisely quantify the improvement. Zhang et al. [18] analysed on-road emissions of 75 Euro II to Euro V transit buses in Beijing, China, including two Euro IV single deck hybrid-diesel buses. Hybrid-diesel buses were found to consume 29% less fuel compared to conventional ones. However, the authors also reported a 50% hybrid bus fuel consumption increase when average speed dropped from 25 km h−1 to 15 km h−1 and an offset of consumption benefits when the air conditioning was enabled. This last finding is very important as urban buses are mostly employed in routes of low speeds, and often—depending on the urban environment—with their air-condition (A/C) on; this has an impact on engine operation and emissions as has been observed in similar studies of urban buses in Europe [19,20]. These studies indicate that the FC benefit of hybrid buses strongly deviates in field operation than what powertrain simulation studies suggest. However, the reasons of the deviation as well as the impact of driving conditions on the relative consumption difference have not been made clear yet.



The hybrid powertrain leads to lower CO2 emissions particularly for low speed routes [21,22]. Investment in hybrid technology may therefore be pursued as an effective means to decrease the carbon footprint of transport in cities [23]. Hybrid powertrain technology is often also considered as a candidate to decrease air pollutants emissions [24]. Many cities around the world face problems in meeting their NO2 air quality targets [25], and new vehicle technologies are sought to reduce ambient NOx concentrations [26,27]. Andersson [28] reported more than 90% lower emissions from a hybrid Euro V bus over a conventional one in Brighton, UK. Zhang et al. [29] also found that the average NOx emission factor of two Euro IV diesel hybrid buses was 63% lower than conventional Euro IV, and also lower than Euro V conventional ones.



For vehicles certified according to the EU certification system, emission levels depend on the certification step, so called Euro standard, rather than on the powertrain technology. The latest Euro VI standard imposes the same emission limits both for conventional and hybrid powertrains and is achieved by a combination of exhaust gas recirculation (EGR) and selective catalytic reduction (SCR) aftertreatment [30]. Although the potential of EGR and SCR combination in decreasing NOx is theoretically sufficient to meet the most stringent diesel standards around the world [31], their actual calibration [32] and true efficiency [33] under real world conditions is a point of uncertainty and concern [34,35]. Real world NOx emission factors (EFs) for Euro VI vehicles are therefore required to reliably assess their environmental performance. As regards the operation of Euro V buses under urban conditions, there are studies reporting higher NOx levels than the respective regulatory limits. Zhang et al. [29] reported 5.6 g kWh−1 for two single-deck Euro V SCR-equipped diesel buses operating in the area of Beijing. The Netherlands Organisation for Applied Scientific Research (TNO) (Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek, Hague, The Netherlands) [36] reported a range of 3 to 7 g kWh−1 for 40 buses operating under a mix of conditions and also including some, similar to Euro V technology, EEV (enhanced environmentally friendly vehicle) ones. NOx levels of a single EEV bus in Poznan, Poland was equal to 6.1 g kWh−1, in the study of Merkisz and Rymaniak [37].



The present study provides fuel consumption rates from a sample of six latest-technology Euro VI hybrid double-deck buses under real-world operation conditions over a metropolitan urban road network. The tests are conducted on actual scheduled routes vis-à-vis corresponding conventional Euro V buses. The intention is to investigate the effectiveness of hybrid technology in reducing fuel consumption in actual operation and also in comparison to their conventional counterparts. This pairwise comparison involves the highest number of vehicles in similar studies and is the only one comprising latest technology (Euro VI) hybrid vehicles. The particular study design allows to limit any bias potentially caused by variance in driving and operational conditions, as vehicles of different powertrain technologies are tested over the exact driving routes.



Based on the large number of measurements conducted, the study also delivers representative field EFs for Euro VI buses and an assessment of the environmental benefits these may offer. Such fuel consumption and EF information is necessary to municipal authorities and bus service operators to estimate the environmental impacts and cost implications when investing in new powertrain and emission control technologies.




2. Methods


2.1. Test Vehicles


The vehicle sample employed in the experimentation includes six Euro V diesel-fueled conventional (non-hybrid) and six Euro VI diesel-fueled hybrid double-deck buses. Bus operators operating older buses, e.g., of Euro V standard, might wish to know the environmental benefits of moving to the latest Euro VI standard. This is expected to lead to lower emissions for all regulated pollutants (carbon monoxide (CO), hydrocarbons (HC), NOx, particulate matter (PM)). In addition, in this study we investigate the potential benefits in FC when hybrid buses are introduced. The hybrid technology is not per se expected to improve regulated pollutants; their level is defined by compliance to specific Euro standards rather than power train configuration. A typical Euro VI trial diesel-hybrid bus, equipped with exhaust measurement devices during field testing, is presented in Figure 1.



The buses are regular full-service vehicles operated by two major public transportation service providers in Hong Kong (HK) and have a total capacity of 117 passengers. The manufacturer of the buses is Alexander Dennis (Folkerk, UK) and the models are Enviro 500 (conventional) and Enviro 500H (hybrid); the latter operates under the BAE HDS200 HybriDrive System, whereas all internal combustion engines are manufactured by Cummins (Columbus, IN, USA). The engine size of the hybrid buses is 6.7 L and is smaller than the size of the respective conventional ones (8.9 L). The engine rated power is 204 kW and 243 kW for the hybrid and conventional buses, respectively. Odometer values varied from 15,858 to 92,143 km and the test age of the buses was roughly the same, on average being lower than one year old. The conventional buses are equipped with an SCR aftertreatment device, whereas hybrid buses are additionally equipped with a diesel particulate filter (DPF) and EGR. The average tare weight of the hybrid buses is by 2% lower than the conventional ones, however, Gross Vehicle Weight (GVW) is almost identical between the two vehicle types. The diesel fuel used during testing is commercially available with an average density of 0.838 kg L−1 at 15 °C (sulphur: 7.1 mg kg−1 fuel; cetane number of not less than 51, as determined in accordance to EN ISO 5165:1998 [38]; viscosity at 40 °C of not lower than 2.00 mm2 s−1 and not higher than 4.50 mm2 s−1, as determined in accordance to EN ISO 3104:1996 [39]); the fuels that were used in the trials conformed to the respective HK “Air Pollution Control (Motor Vehicle Fuel) Regulation” [40]. Table 1 provides an overview of the test vehicle specifications.




2.2. Equipment, Instruments, Measurements and Data Processing


Several signals were recorded during on-road measurements, including the date/time of the test, global positioning system (GPS) data (position and altitude), on-board diagnostics (OBD) and engine management data (e.g., speed at the wheels, exhaust temperature, exhaust flow rate, engine speed), and gaseous and particulate pollutant concentrations. A commercially available portable emission measurement system (PEMS) was used (SEMTECH-DS, Sensors, Inc., Saline, MI, USA) for the measurement of CO, CO2, nitrogen monoxide (NO), nitrogen dioxide (NO2), and HC, and an Fourier Transform InfraRed spectrometer (FTIR, A&D Technology, Ann Arbor, MI, USA) was employed for the measurement of ammonia (NH3) and N2O. Exhaust gas flowrate was measured in real time by a SEMTECH EFM-2 or EFM-HS (Sensors, Inc., Saline, MI, USA) exhaust flowmeter. The PEMS testing complied with the specifications of ISO 16183 [41], US EPA [42] and the European Commission [43] in terms of instrument calibration and verification. The PEMS instruments themselves along with the rest of the measurement equipment were installed inside each bus and were powered by two 3 kW portable generators. Zero gases were used to set PEMS zero level at the beginning and end of each route (practically every hour), audit every three hours, and span twice a day (before/after testing), at concentrations comparable to measured pollutants levels. All data were subject to the necessary time-alignment procedures, whereas standard corrections were additionally applied to emissions data (e.g., analyser drift, dry-to-wet, NOx humidity effect) according to specifications [42,43]. Speed data corrections were based on a procedure developed by HK EPD, where speedometer data are calibrated by speed obtained by GPS. Invalid and non-realistic test data were filtered out based on a set of quality criteria defined.




2.3. Design of Trials


The trials were conducted from January to June 2015 to cover a range of environmental conditions. In total, 140 h of field data were collected, corresponding to more than 10 h of measurements per bus. These were randomly distributed over different weekdays in the 10 a.m. to 7 p.m. time frame to cover a range of typical busy morning and early afternoon conditions as well as afternoon rush hours. Six original Hong-Kong city routes were selected to cover, to the extent possible, the variability of city road pattern and traffic conditions. A pair of buses of Euro V conventional and Euro VI hybrid powertrains were allocated to each route. Buses were driven by professional drivers in a so-called “bus trailing” mode. This means that an in-service bus driving on its original route was followed (trailed) by the instrumented bus under test, to exactly replicate real-world operation, including speed pattern, idling periods, duration of bus stops, etc. If the trailed bus was missed due to heavy traffic, the testing bus continued its fixed-route trip and the driver was asked to follow another bus on the route. In order to emulate the passenger load, the bus load during each trip was set to 50–60% of the respective maximum vehicle payload, by using ballast uniformly distributed on the bus floor; these load levels are considered to be representative of the typical passenger load of an urban bus in HK. Traffic was captured by a video camera mounted in front of the vehicle under test. Air conditioning was constantly on during testing.




2.4. Testing Routes


The original city bus routes selected for the trials were conducted in urban, a combination of urban and highway, or mostly in highway conditions. Table 2 provides an overview of the routes and Figure 2 presents their locations within the wider HK metropolitan area.



Each bus performed at least three round-trips, traveling from the starting terminus to the destination terminus and then back. The experimental setting ensured an adequate repeatability of measurements, as it has been observed in some studies that, under similar schedules, the excursions of urban buses in the same route are similar [19].




2.5. Calculation Methods


Instantaneous FC rates were calculated on the basis of real-time recordings of CO2 and carbon-containing pollutants (CO and HC), by properly modifying the respective standardized carbon balance methodology for diesel combustion [44], as illustrated in Equation (1) [24]:


     FR   =     0   . 861   ×   ER   THC     +   0   . 429   ×   ER   CO     +   0   . 273   ×   ER     CO  2       W C        



(1)







In this equation, FR is the instantaneous FC rate (g s−1);      ER   THC      (where THC stands for total hydrocarbons),      ER   CO     , and      ER     CO  2       are the instantaneous emission rates (g s−1) of HC, CO, and CO2 pollutants, respectively, and WC is the carbon mass fraction of fuel (0.861 for diesel).



The distance-weighted EFs for each gaseous pollutant per vehicle were estimated according to Equation (2):


       EF   i , k  d  =     ∑   j = 1    R i      ∑   t = 1    T  i , j       ER   i , j , k , t       ∑   j = 1    R i      ∑   t = 1    T  i , j      d  i , j , t         



(2)




where      EF   i , k  d     is the estimated emission factor (g km−1) for pollutant   k   and vehicle   i  ;     R i     is the total number of trips for vehicle    i ;        T  i , j      is the total duration (s) of the   j  th trip of vehicle   i  ;      ER   i , j , k , t      is the instantaneous emission rate of pollutant   k   during the tth second of the   j  th trip travelled by vehicle   i   (g s−1); and     d  i , j , t      is the distance travelled by vehicle   i   during the tth second of its   j  th trip (km s−1).



Similarly, the estimated fuel consumption (FC) for each vehicle was calculated according to Equation (3):


       FC  i  =   100 ×   ∑   j = 1    R i      ∑   t = 1    T  i , j       FR   i , j , t       ∑   j = 1    R i      ∑   t = 1    T  i , j      d  i , j , t         



(3)







Calculation of specific power is useful in comparing the characteristics of different routes or driving similarities over different repetitions of the same route. The instantaneous power was calculated by Equation (4), which is detailed in Equation (5):


       P   =   P   air       +   P   rolres       +   P   inertia       +   P   gradient       +   P   aux       



(4)








      P   =    1 2    ρ C  d    Av  3      +   τ  0  gmv   +    [   m  tare    (  1   +   λ  )      +   m   load    ]    va + mgvsin ( b )   +   P   aux      



(5)





  P   is the total instantaneous power (W) required for vehicle traction and consumed by its auxiliaries, with the individual terms referring to different resistance factors, namely     P  air      for aerodynamic,     P  rolres      for tyre-road interaction,     P  inertia      for inertial forces during accelerations, and     P  gradient      for gravitational resistance over road gradients.     P  aux      is the power consumed by auxiliaries, prominently by the A/C system. In Equation (5),   ρ   is the air density (kg m−3; calculated by the ideal gas law and using the measured instantaneous ambient temperature and atmospheric pressure as inputs),     C d     is the aerodynamic drag coefficient (    C d     = 0.60),   A   is the frontal bus area (  A   = 10.6 m2),   v   is the vehicle speed (m s−1),     τ 0     is the rolling resistance coefficient (    τ 0  = 0.007   ),   g   is the gravitational acceleration (  g   = 9.81 m s−2),   m   is the total vehicle mass comprising the tare mass of the vehicle (    m  tare   )    and the mass of and load      ( m   load   )   . The term λ is stands for the equivalent inertia of rotational masses and is assumed to be 0.1 for conventional and 0.15 for hybrid buses, the latter to account for the additional inertia of electrical motor and couplings.      sin  ( b )     is the road grade.



    P  aux      can be significant in case that the A/C is constantly on to cool the passenger cabin for buses operating in hot and humid climates, like in Hong Kong [45]. The instantaneous power consumed by the compressor of mechanical systems used in conventional vehicles depends on the cooling load and the engine speed [46]. Hybrid buses may operate on full electrical systems with a different consumption profile. Characterizing the detailed profile of A/C use was not within the objectives of the study. Therefore, the A/C power consumption of the double-deck buses was estimated on the basis of the Heat Index (HI) measure [47], taking into account ambient temperature and ambient relative humidity, and a maximum A/C power consumption of 25 kW [48], as follows (Equation (6)):


      P  aux    (  HI  )  =  {          12 . 50    (  kW  )  ,   0   ≤   HI   ≤   70       16 . 67    (  kW  )  ,   70   <   HI   ≤   80               20 . 83    (  kW  )  ,   80   <   HI   ≤   90       25 . 00    (  kW  )  ,                         HI   >   90               



(6)







The energy-based emission factors (EF) for gaseous pollutants (per vehicle) were estimated by Equation (7).


       EF   i , k  e  =     ∑   j = 1    R i      ∑   t = 1    T  i , j       ER   i , j , k , t       ∑   j = 1    R i      ∑   t = 1    T  i , j        (   P  i , j , t    )   +        



(7)




where      EF   i , k  e     is the energy-based estimated emission factor (g kWh−1) for pollutant   k   and vehicle   i  ;     P  i , j , t      is the power (kW) of vehicle   i   during the tth second of its jth trip;       ( x )   +     denotes the positive values of   x  , i.e.,       ( x )   +    =   x    if    x   >   0    and       ( x )   +    =   0    otherwise.



An indication of the occurrence of positive road gradients over the route which require an engine power surplus to overcome driving resistances is given by the height gain (%) value. This was calculated as the sum of the instantaneous positive vertical altitude differences over the total distance travelled, according to Equation (8):


       HG  i   ( % )    =   100 ×     ∑   j = 1    R i      ∑   t = 2    T  i , j        (   h  i , j , t     - h   i , j , t - 1    )   +      ∑   j = 1    R i      ∑   t = 2    T  i , j      d  i , j , t         



(8)







In this,     h  i , j , t      is the altitude (m) that the vehicle   i   is driving at the tth second of its jth trip. This is different than the mean road gradient because the height gain only considers positive gradient road segments. Instantaneous altitude was estimated by map-based information, using GPS coordinates. The standard deviation of height on a specific route is calculated as the standard deviation of the instantaneous altitude values, all trips included, of the vehicle driving on the route.



The R programming language and the IBM® SPSS® Statistics 24 statistical software (International Business Machines Corp., Armonk, NY, USA) were employed in processing and analysing the data. The QGIS 2.18.9 geographic information system (GIS) application (QGIS.ORG, Grüt, Switzerland) was used in viewing and editing geospatial data.





3. Results and Discussion


3.1. Testing Conditions


The mean driving and operation conditions for each route are presented in Table 3. Mean values of environmental and operation parameters, i.e., speed, positive acceleration, specific power, engine speed, exhaust temperature and altitude, are similar between Euro V and Euro VI testing (p-values from 0.227 to 0.881). This is important to avoid a potential bias in the comparison introduced by traffic or ambient conditions. Statistically significant differences between Euro V and Euro VI tests per route are also marked on the table. Temperature varies in some of the pair-wise comparisons as the respective tests were executed on different days. This needs to be taken into account in the analysis. Mean speed, on the other hand, exhibited no statistically significant difference in any of the route pairs. This indicates that both hybrid and conventional vehicles were tested under similar traffic and congestion conditions in each route. The “start/stop” engine function remained active for the hybrid vehicles in routes #2 and #3, and this is reflected to the significant difference in mean engine speed of hybrids over conventional vehicles in the specific routes.




3.2. Fuel Consumption Levels


The mean distance-based FC and the respective relative difference between the two bus types are presented in Figure 3. The FC of the conventional buses ranged from 44.7 to 114 kg (100 km)−1 and the associated tailpipe CO2 emissions varied from 1.41 to 3.0 kg km−1. The FC of the hybrid buses fell within the range of 41.7 to 111 kg (100 km)−1 and the associated CO2 emissions varied from 1.31 to 3.49 kg km−1, depending on the route. The mean fuel consumption of the hybrid buses was by 6.1% ± 12.4% (mean ± standard deviation) lower than conventional ones. This varied from 20% lower up to 16% higher than the respective conventional buses, although one needs to note that the ambient temperature was 4.9 °C higher in the route where the hybrid bus consumption was higher. No statistical differences, neither for FC, nor for tailpipe CO2 emissions were detected between the two technologies, according to the outcome of the non-parametric Wilcoxon signed rank test (sig. = 0.345). The consumption level of double-deck hybrid buses in HK appears 45–65% higher than single-deck hybrid buses tested in Beijing [18].




3.3. Pollutant Emissions


Table 4 presents the estimated distance-based emission levels of NOx (NO and NO2), CO, THC, NH3, and N2O per bus and route, together with a qualitative characterization of routes based on their main characteristics and implementation of a simple statistical classification methodology (K-means cluster analysis). In general, Euro VI buses are lower in all pollutants but N2O; the statistical significance of these observations is confirmed by the respective dependent samples t-testing (sig. = 0.00 to 0.01 for NOx, NO, NO2, CO, and THC; sig. = 0.37 for NH3, sig. = 0.08 for N2O, i.e., the N2O difference is statistically significant at the α = 10% level). For NOx, which appears as the most relevant transport-related pollutant in terms of urban air quality [49], Euro VI levels are on average 93% ± 5% (mean ± standard deviation) lower than Euro V. Similar significant emission reductions attributed to hybrid technology were also observed for hybrid buses operating in urban areas in Brighton, UK [28] and Beijing, China [29]. In terms of individual NOx components, the difference is higher for NO (96%) than NO2 (78%). As a result, the NO2/NOx ratio is higher for Euro VI buses (0.48 ± 0.26) than Euro V ones (0.31 ± 0.04), but this difference is statistically non-significant. The respective coefficient of variance was 55% for the hybrid buses compared to 13% for the Euro V ones, indicating larger individual NO2/NOx differences per route in case of hybrid buses. CO and THC Euro VI emission levels are also significantly lower, by 67% ± 12% and 73% ± 10%, respectively over Euro V levels. Euro VI N2O levels appear almost four times higher compared to Euro V while most of the instantaneous NH3 concentrations were lower than the detection limit of the measurement instrument for both Euro V and Euro VI buses.



To put Euro VI NOx emissions into context, one may consider that the average distance-weighted NOx emission level of 0.74 g km−1 for hybrid buses results to a per passenger level of 7.4 mg pkm−1, considering the total bus capacity of 117 passengers and an average occupancy ratio of 85% [50]. In comparison, urban activity of gasoline Euro 6 vehicles, considered as the cleanest passenger cars according to Euro standards certification, corresponds to approximately 28.6 mg NOx pkm−1. This assumes a NOx emission level of 40 mg/km [51] and an occupancy rate of 1.4 [52]. This shows that hybrid diesel Euro VI buses provide almost four times less NOx than private cars per unit of passenger-distance travelling in Hong Kong.



Route characteristics are reported in a XY form where X denotes each of the variables speed (S), exhaust temperature (E), ambient temperature (A), or height standard deviation (H) and Y the respective level low (L), moderate (M), or high (H).



The measured NOx levels of all Euro V ones and one Euro VI hybrid bus are higher than the corresponding limit values. Other studies also report higher—than the limits—NOx emission levels for Euro V buses under urban conditions, as for example for urban buses that were measured in Beijing, China [29], in the Netherlands [36], and also in Poznan, Poland [37]. In comparing with the corresponding limit, one needs to consider that WHTC (the type approval transient cycle) comprises urban, rural and highway conditions, and not only urban ones, examined in the present study. On the other hand, all Euro V and Euro VI buses complied with the corresponding limits in terms of CO and HC. The highest average NH3 exhaust content for a Euro VI vehicle was 0.71 ppm, far below the provision of the Euro VI regulation allowing up to 10 ppm NH3 emissions. No NH3 regulatory limits are available for earlier Euro classes.



The difference in the profile of pollutant emissions between Euro V and Euro VI hybrid buses should be mostly attributed to the different emission control, rather than their powertrain system. The hybrid bus engines are equipped with EGR and, presumably, a more efficient SCR system to comply with Euro VI limits. The current results show that aftertreatment and powertrain tuning of hybrid buses may offer substantial reductions in NOx, a finding that comes in contrast to some earlier studies [8,15,17]. As an example of emission control specific tuning, Euro VI bus over route #1 exhibits a higher exhaust gas temperature than Euro V, presumably as a result of engine thermal management to retain a high NOx conversion efficiency in the SCR. This of course has fuel efficiency implications but a trade-off between fuel consumption and NOx emission levels for heavy duty vehicles is well established in the literature [53]. The balance in terms of fuel consumption and NOx emission reductions of late technology hybrid buses seems therefore very sensitive to their powertrain calibration [12].



Table 4 also shows equivalent CO2 emissions (CO2e) by converting N2O emissions using the 100-years global warming potential of N2O (GWP100,N2O = 265) and adding this to tailpipe CO2 emissions [54]. The high N2O emissions of Euro VI buses also deserve some attention. These may be due to an intentionally higher NO2/NOx ratio to improve SCR performance [55] or use of a different catalyst (e.g., V-based) [56] in Euro VI than Euro V. Owed to the high relative global warming potential (GWP) of N2O over CO2, these high N2O levels contribute up to 8.1% (average 5.9%) of total greenhouse gases (Route #1) and hence largely offset any exhaust CO2 benefits of hybrid buses. It can be assumed that catalyst and urea injection optimization could lead to better N2O control and hence, the high levels reported should be seen as being specific to the vehicles utilized in this study and should not be necessary generalized to all hybrid powertrains.




3.4. Comparative Assessment over Different City Routes


The mean fuel consumption difference strongly depends on the route considered. Hybrid buses consumption is clearly lower than conventional buses in three routes (#2, #3, #4), at the same level in two routes (#5, #6), and higher over one route (#1). The routes where significant benefits are observed are characterized by moderate speed, low ambient temperatures (for HK climatic conditions) and moderate altitude variance. Routes of marginal benefits are of moderate/high speed, medium/high ambient temperature, and relatively high altitude variance. The route with the significantly higher FC for hybrids corresponds to high ambient temperature and, lowest speed and lowest power demand. Moreover, route #1 is characterised by a 4.9 °C higher ambient temperature for hybrid buses than conventional ones.



The average FC of hybrid buses is 15% lower for the three routes with the lowest ambient temperatures (avg. 20 °C), whereas hybrids show a 3% higher average FC for the three moderate/high ambient temperature routes (avg. 30 °C) when compared to their conventional counterparts. The study findings suggest that fuel consumption increases in the summer months over winter ones. This increase in fuel consumption with temperature may be expected, as A/C load increases, and comparison of the different routes suggests that the relative effect is higher in the case of hybrid buses. The difference in average FC between the hybrid buses driving on the low ambient temperature routes (#2, #3, #4) and those driving on the high temperature ones (#1, #5) is 52%, corresponding to a shift from an average FC of 59 to 90 kg (100 km)−1. This result corroborates the observations of [18], who reported that the average hybrid bus FC appeared to increase by 48% when A/C systems were enabled. The simulation results of Bottiglione et al. [48] also indicated that when the A/C is on, the benefit of hybrid buses over conventional ones is substantially decreased. Also, Muncrief et al. [57] reported more than 20% increase in fuel consumption when the A/C unit of a series hybrid bus was activated.



In better understanding the impact of temperature on fuel consumption, Figure 4 focuses on routes #1 and 2, i.e., the routes of the two extremes in the fuel consumption difference between the two vehicle technologies. The figure illustrates the normalised cumulative distance travelled over time for each bus type. Time is also normalised to the mean duration of each route. The speed traces for the two vehicle types are almost on top of each other in route #1, practically indicating identical mean driving profiles. Although the spread is much higher in Route #2, there is a significant overlap in the speed traces of the two vehicle types. Operation profile differences in these routes can therefore not justify fuel consumption differences.



To explain the difference, Figure 5 shows the distribution of fuel consumption over different fuel rate classes. This is equivalent to expressing emissions over vehicle specific power (VSP) bins, as many studies suggest (e.g., Guo et al. [17]; Hallmark et al. [8]; Zhang et al. [29]), but the chosen representation is more reliable, being directly based on measured signals. In route #1, conducted at low speeds and high temperatures, most of the fuel consumption is at low flow rates and the peak in the concentration is shifted to higher fuel rates for the hybrid than the conventional bus. In the higher speed and lower ambient temperature Route #2, the peak at low fuel flow rates is smaller and moderate fuel rates contribute more to fuel consumption.



Although all technical details of the buses are not available, hybrid buses are known to operate on electrical compressor A/C units powered from the vehicle’s battery, while conventional buses are equipped with mechanical compressors. In mechanical systems, A/C power consumption depends on engine speed [46], hence the A/C power absorption is low at low fuel rates and increases with fuel rate. On an electrical system, power absorption may also be high at low engine loads, thus increasing the fuel rate to counterbalance the A/C load. This may cause a shift of the low fuel rate peak in route #1, despite this has a smaller engine than the conventional vehicle. The execution of Route #1 by the hybrid bus was conducted at an average temperature that was 4.9 degrees higher than tests with the conventional bus. The cooling demand for the A/C is therefore higher in the case of the hybrid bus. If tests were conducted at the same temperature, the fuel consumption difference between the two vehicle types would presumably be lower, although it is not possible to quantify by how much.



Figure 5 also shows a second peak at high fuel rates for Route #2 with the hybrid bus. This means that the engine is tuned to operate in full power when the vehicle is driven at relatively high load conditions. We may hypothesize this is done for two reasons. First, to charge the batteries under this high efficient mode and use this extra power in later, less efficient modes. Second, to provide hot exhaust gas to the SCR in order to overall retain a high temperature and hence efficiency, despite the engine shuts off when the vehicle is stationary in Route#2. Indeed, the mean exhaust gas temperature between Euro V and VI was not substantially different in Route 2, despite the start-stop function of the engine of the latter.



Use of the “start/stop” engine function, active for the hybrid buses travelling on routes #2 and #3, appears to have a positive effect on fuel consumption as the highest FC gains of 15% and 20%, respectively, appear for these two routes. The difference in fuel consumption of the hybrid bus travelling on a route of similar average speed and ambient temperature (route #4), but with the “start/stop” function inactive drops to 10%. It is not clear why the start/stop activity varied between routes. This could have to do with the battery charge status, the specific calibration of the individual vehicles, or the need to power auxiliaries in the different routes.



In Route #5, no statistically significant differences appear between hybrid and conventional buses over none of the environmental and operation parameters, including vehicle and engine speeds, positive acceleration, power demand, height gain, and exhaust and ambient temperatures (independent t-tests at the trip level, p = 0.11 to 0.93). This route is conducted at the foothills of Hong Kong island and has a positive elevation gain of 2.2%, which is the highest between all routes examined. In this route, the FC difference between the buses was negligible (−1%) or −0.9 ± 2.9 kg (100 km)−1 and statistically non-significant (p = 0.81). Positive road gradient across the route appears as another factor that compromises hybrid powertrain benefits.



An indication regarding the effect of speed on FC is provided by comparing routes #1 and #5 which, in particular for hybrid buses, were conducted practically under the same ambient conditions. The results show that the transition from medium average route speeds (~15 km h−1) to low average route speeds (~8 km h−1) is related to a significant increase in mean FC by 63%, or alternatively a statistically significant (p = 0.00) change in FC by 43 ± 3 kg (100 km)−1, corroborating findings from [18]. The corresponding difference for conventional buses was 39%, equaling 28 ± 3 kg (100 km)−1 (p = 0.00). The difference cannot be justified by a change in ambient conditions or road gradient; in fact route #5 is more hilly than route #1. Hence, the significant difference suggests that hybrid bus consumption is more sensitive to mean speed than conventional ones, a finding which comes in contrast to evidence from popular passenger car hybrid systems [58]. Reasons for this difference most probably reside on the specifics of powertrain implementation between cars and buses. Buses mostly utilize series hybrid powertrains compared to power-split type for cars while the relative capacity of bus batteries may be smaller to decrease cost. This may lead to a more transient internal engine operation on the bus than the car, which leads to a higher sensitivity on speed profile.





4. Conclusions


In this study, six Euro VI diesel hybrid and six Euro V conventional diesel double-deck transit buses were tested using PEMS under scheduled routes in a modern metropolitan urban road network. The measurements helped revealing the sensitivity of fuel consumption and pollutants emission on driving, operation, and ambient conditions.



The fuel consumption of hybrid buses was on average lower by 6.1% ± 12.4% than conventional ones driving on the same routes. The hybrid over conventional bus fuel consumption ratio ranged from 80% to 116%, depending on the route. The hybrid bus consumption exceeded the conventional one under a low speed route and an ambient temperature by 4.9 °C higher than the conventional bus testing. Relatively high ambient temperatures increase power demand by the A/C while creeping speeds and positive road gradients seemed to compromise efficiency gains of the hybrid technology. Distinct hybrid bus benefits, in the order of 10–20%, were found at temperatures no more than 22 °C, mild road slope and total height gains, and mean speeds in the order of 10–15 km h−1. These represent conditions of moderate total power demand for traction and A/C operation.



On the other hand, Euro VI hybrid buses were overall found to emit NOx at significantly lower level (93%) than Euro V ones. Considering Hong Kong occupancy rates for buses and private cars, NOx emission levels of Euro VI hybrid buses appear approximately four times lower than latest Euro 6 gasoline private cars per unit of passenger-distance travel. Investing in Euro VI technology for public transport may therefore overall provide significant environmental benefits in terms of emission of air pollutants.



The results of this study show that the fuel consumption benefits when comparing Euro VI hybrid buses over their Euro V conventional counterparts are marginal, when the assessment is made under the actual urban operational and environmental conditions these vehicles are scheduled to operate. On the other hand, the shift to Euro VI technology offered impressive reductions in NOx emissions compared to Euro V one. The reason for the marginal fuel consumption difference could be the impact of air-conditioning, significant road gradient differences, and creeping speeds in the busy road network of Hong Kong.



The results of this study could be a valuable input to urban bus service providers around the world in selecting optimum technologies in terms of environmental impacts and operation costs. Air pollutant and greenhouse gas emission levels provided are also helpful to city authorities in designing technology plans to meet current and future air quality and transport decarbonisation targets.
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Figure 1. Euro VI diesel-hybrid bus during trials in the streets of Hong Kong. GPS: global positioning system; Semtech-DS analyser (Sensors, Inc., Saline, MI, USA). 
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Figure 2. Schematic of the city bus routes employed in the PEMS measurement campaign, superimposed on the Hong Kong metropolitan area map. A mix of conditions ranging from urban to rural and highway roads were covered. 
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Figure 3. Fuel consumption and percentage difference between the two vehicle types per route, together with mean route speed. 
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Figure 4. Normalised trip distance over normalised trip time for the conventional and hybrid buses driving on Routes #1 (a) and #2 (b). 
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Figure 5. Total fuel consumption distribution per fuel rate class for the conventional and hybrid buses. (a) Route #1, (b) Route #2. 
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Table 1. Overview of diesel and hybrid-diesel bus specifications.
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	Specification
	Euro V Conventional
	Euro VI Hybrid





	ID
	1–6
	7–12



	Year of registration
	2013–2015
	2014



	Emission standard
	Euro V
	Euro VI



	Technology
	Conventional
	Hybrid (serial)



	Fuel
	Diesel
	Diesel



	Emission control technology
	SCR
	DPF, EGR, SCR



	Mean mileage (min/max) (km)
	50,506 (23,391/92,143)
	26,299 (15,858/48,092)



	Transmission
	Automatic
	Automatic



	Gross vehicle weight (t)
	24
	24



	Weight before/after installation * (t)
	15.3/19.5
	16.0/20.0



	Number of cylinders
	6
	6



	Idle/max speed (RPM)
	700/2400
	600/2850



	Engine displacement (L)
	8.9
	6.7



	Engine rated power (kW@rpm)
	243@2100
	204@2100



	Engine peak torque (Nm@rpm)
	1500@1200–1400
	1100@1200–1600







* The “weight after installation” include the weight of the portable emission measurement systems (PEMS) devices and equipment and the ballast weight that was used to emulate the passenger load. DPF: diesel particulate filter; EGR: exhaust gas recirculation; SCR: selective catalytic reduction.
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Table 2. Overview of the testing routes; each one was executed at least three times in both directions.
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	Route #
	Bus Termini
	Route Number
	Driving Mode
	Average One-Way Duration (h; min)
	Distance (km)





	1
	Kennedy Town–Hong Kong Stadium
	5B
	Urban
	1 h; 2 min
	8.4



	2
	Lai Chi Kok–Wan Chai North
	905
	Urban (mainly)/Highway
	1 h; 19 min
	16.3



	3
	Star Ferry–Sau Mau Ping
	1A
	Urban
	1 h; 8 min
	14.7



	4
	Shun Lee–Macau Ferry
	619
	Urban (mainly)/Highway
	1 h; 15 min
	17.5



	5
	Heng Fa Chuen–Wan Chai North
	8
	Urban (mainly)/Highway
	0 h; 53 min
	13.6



	6
	Tin Shui Wai–Causeway Bay
	969
	Urban/Highway (mainly)
	1 h; 31 min
	43.9
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Table 3. Overview of the mean driving and operation conditions per route and bus technology.
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Route #

	
Speed (km h−1)

	
Positive Acceleration

(m s−2)

	
Positive Power

(kW)

	
Engine Speed

(rpm)

	
Exhaust Temperature (°C)

	
Ambient Temperature (°C)

	
Height Gain (%)

	
Height st. dev. (m)






	

	
Euro V Conventional




	
1

	
8.1

	
0.29

	
35.6

	
849

	
241

	
26.7

	
0.43

	
2.2




	
2

	
12.1

	
0.34

	
43.4

	
877

	
242

	
21.7

	
0.64

	
1.3




	
3

	
12.7

	
0.45

	
48.5

	
892

	
246

	
17.4

	
1.16

	
21.8




	
4

	
14.2

	
0.43

	
53.7

	
n.a.

	
274

	
19.7

	
1.88

	
30.3




	
5

	
16.3

	
0.32

	
56.1

	
960

	
299

	
32.1

	
2.24

	
21.8




	
6

	
29.5

	
0.32

	
61.2

	
1060

	
309

	
28.8

	
0.83

	
20.0




	

	
Euro VI Hybrid




	
1

	
8.2

	
0.40 †

	
39.4

	
939 †

	
286 †

	
31.6 †

	
0.40

	
2.4




	
2

	
12.5

	
0.40 †

	
46.8

	
710 †

	
241

	
18.9 †

	
0.60

	
1.4




	
3

	
13.3

	
0.47

	
53.4

	
751 †

	
260

	
20.5 †

	
1.14

	
21.4




	
4

	
14.0

	
0.42

	
54.1

	
881

	
274

	
18.7

	
1.88

	
30.1




	
5

	
15.1

	
0.34

	
54.7

	
973

	
293

	
32.1

	
2.20

	
20.9




	
6

	
28.7

	
0.29 †

	
62.5

	
1055

	
316

	
26.4 †

	
0.82

	
20.3








st. dev.: standard deviation. n.a.: not available for complete route due to data recording issues. † mean is statistically different from the corresponding value of the Euro V test.
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Table 4. Emission levels of basic pollutants per tested bus and route.
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Emission Factors (g km−1)

	
Emission Factors (g kWh−1) +




	
Route #

	
Route Characteristics

	
NOx

	
NO

	
NO2

	
CO

	
THC

	
NH3 *

	
N2O *

	
CO2e

	
NOx

	
CO

	
THC






	

	
Euro V (conventional) buses




	
1

	
SL/EL/AM/HM

	
26.64

	
21.74

	
4.89

	
8.78

	
0.10

	
5.5

	
72

	
3020

	
7.98

	
2.77

	
0.03




	
2

	
SM/EL/AL/HL

	
9.55

	
8.26

	
1.29

	
9.24

	
0.07

	
11.9

	
221

	
2168

	
3.77

	
4.04

	
0.03




	
3

	
SM/EL/AL/HH

	
10.62

	
9.55

	
1.07

	
6.91

	
0.08

	
4.0

	
181

	
2190

	
4.40

	
2.96

	
0.04




	
4

	
SM/EM/AL/HH

	
8.81

	
7.96

	
0.84

	
5.10

	
0.07

	
-

	
-

	
2269

	
3.57

	
2.14

	
0.03




	
5

	
SM/EH/AH/HH

	
12.95

	
10.55

	
2.40

	
4.52

	
0.03

	
3.4

	
94

	
2194

	
4.47

	
1.67

	
0.01




	
6

	
SH/EH/AM/HH

	
6.58

	
5.45

	
1.13

	
2.24

	
0.03

	
2.2

	
59

	
1422

	
3.87

	
1.40

	
0.02




	
Euro V emission limit (transient testing)

	

	
2.00

	
4.00

	
0.55 §




	

	
Euro VI (hybrid) buses




	
1

	
SL/EM/AH/HM

	
4.08

	
0.64

	
3.44

	
3.55

	
0.04

	
4.6

	
1177

	
3803

	
0.95

	
0.85

	
0.01




	
2 £

	
SM/EL/AL/HL

	
0.21

	
0.20

	
0.02

	
1.26

	
0.02

	
7.3

	
265

	
1770

	
0.06

	
0.55

	
0.01




	
3 £

	
SM/EM/AL/HH

	
0.48

	
0.37

	
0.10

	
1.81

	
0.01

	
2.4

	
494

	
1964

	
0.16

	
0.70

	
0.01




	
4

	
SM/EM/AL/HH

	
0.42

	
0.34

	
0.07

	
1.55

	
0.02

	
2.4

	
421

	
2162

	
0.14

	
0.59

	
0.01




	
5

	
SM/EH/AH/HH

	
0.70

	
0.13

	
0.58

	
1.92

	
0.01

	
2.7

	
540

	
2292

	
0.21

	
0.64

	
0.00




	
6

	
SH/EH/AM/HH

	
0.64

	
0.41

	
0.22

	
0.99

	
0.01

	
1.7

	
294

	
1390

	
0.32

	
0.60

	
0.01




	
Euro VI emission limit (transient testing)

	

	
0.46

	
4.00

	
0.16








* NH3, and N2O are reported in mg km−1. + Emission levels presented in this study are based on the calculated wheel power, whereas the respective standard limits refer to engine power. § The limit refers to non-methane hydrocarbons (NMHC). £ The “start-stop” engine function was active.
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