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Abstract: The transport sector is responsible for roughly 33% of the energy consumption at the EU-

28 level, as well as for 23% of the total greenhouse gas emissions (GHG). Electric vehicles, namely 
those used in public transports, can contribute to reduce such impacts, due to their improved energy 
and environmental performances when comparing to conventional internal combustion vehicles. 
In this study, a performance evaluation of an electric bus in real world conditions was performed through 
on-board experimental tests. The energy consumption profile, as well as the GHG emission profile of 
the bus were obtained through the VSP methodology. These results were used to simulate the behaviour 
of the electric vehicle when circulating in other routes, as well as to enable a performance comparison 
with a conventional bus. 
The comparison between the electric and the conventional buses presented the advantages of the first 
at the energy consumption and GHG emissions level, with reductions up to 70% and 85%, respectively, 
on a WTW basis, for the studied routes. The obtained results show that the circulation conditions and 
the terrain topography have little influence in the efficiency of the electric propulsion unit, both at the 
energy delivery level as well as at the energy recovery level, making this vehicle ideal for circulation in 
an urban environment. Regarding this analysis, the major effect noticed is an increase of 13% in the 
power required by the motor, for the same VSP modes, when the road grade changes from 0 to 2,5º to 
2,5º to 5º.   

 

Keywords: Electric bus; VSP; energetic efficiency; greenhouse gases (GHG); technology comparison. 

 

1. Introduction 
The transport sector has the essential task of moving people and goods within society. Road vehicles 

need energy to operate and to maintain, representing in 2016, at a global level, 28% of the total energy 
consumption, 60% of which was for passenger transport (buses included).[1] At the EU-28 level the 
transport sector represents an even bigger part of the total energy consumption, with 33,1%.[2] In terms 
of greenhouse gas (GHG), nitrous oxides (NOx), and small particulate emissions (PMx), the transport 
sector was responsible, in 2015, for 23%, 38,5% and 11,5% of the total emissions in the EU-28 area, 
respectively.[3,4]  

Given the significant impact of the transport sector in the total worldwide energy consumption and 
emissions, improvements are required to reach significant global gains. According to the European 
Commission, the transport sector needs to cut its GHG emissions by at least 60%, until 2050, when 
comparing with 1990 values.[5] Battery electric vehicle technology, namely the one applied in buses, 
has the potential to make these goals possible due to their inherently more efficient powertrain and the 
fact that the electricity used to operate them can be generated from renewable sources, leading to an 
almost GHG free operation.[6] Electric buses also have advantages over conventional buses in other 
areas, like maintenance costs, energy costs and passenger comfort.[7] In Portugal there are still very 
few battery electric buses in operation, however this scenario is starting to change. For example, 
CARRIS, a Lisbon area bus operator, has recently announced plans to have at their disposal 15 battery 
electric buses before the end of the first trimester of 2019.[8]  

Taking these facts into consideration, this work had the objective of evaluating the performance of a 
battery electric bus in real word conditions through onboard experimental tests. These onboard tests 
took place while the bus was performing a real operational passenger route in Porto.  

 

2. Methodology  
This work started with the monitoring of an electric bus while in operation in real world conditions in 

order to evaluate its performance. The main element used to do so was the VSP methodology, applied 
to the data collected during the monitoring process. 
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2.1. Data acquisition 1 – Electric bus monitoring in real world conditions 

With the objective of evaluating the performance of a battery electric bus while in real-world operating 
conditions, the e.City Gold, manufactured by the company Caetano Bus, was chosen for this study.[9] 
The tested version of the bus was the 12 m one, with 3 doors and a 85 kWh battery pack. The main 
characteristics of the bus are presented in Table 2.1. 

 

Table 2.1 – Main characteristics of the e.City Gold version tested.[9] 

Body Caetano Seating 35 
Length 11 995 mm Maximum speed 70 km/h 
Width 2 500 mm Battery pack 85 kWh 
Height 3 058 mm Autonomy ~70 km 

Wheelbase 5 845 mm Motor SPM: 160 kW, 1500 Nm 

Doors 3 Charging 
AC onboard triphasic or 

DC 150 kW external 

 

Experimental data regarding the terrain topography was collected, in a 1 Hz basis, using the GPSMap 
76 CSx, from Garmin.[10] Operational parameters of the bus, such as battery SOC, traction motor power 
and vehicle speed where recorded, in a 50 Hz basis, by the bus on-board computer and downloaded at 
the end of the tests. The value of the bus total energy consumption during the tests was obtained through 
the charging station interface. 

The data acquisition took place in the Vila Nova de Gaia and Porto region. A commercial passenger 
route, the 904 (Bolhão-Coimbrões), operated by STCP[11], was the main source of data, but 
measurements from other three smaller, non-commercial, routes where also taken in order to have as 
many data points as possible. 

 

 

2.2. Data acquisition 2 – Representative data of conventional bus real world 
dynamics in urban routes 

To simulate the behaviour of the electric bus in study in different routes from the ones where the 
experimental tests took place, data was collected from a conventional diesel bus operating two different 
passenger routes in the Lisbon area. These routes were the 758 and 718, operated by CARRIS. 

The data acquisition method was similar to the one described above, with the exception that the 
speed used to characterize the routes was given by the GPS device and not by the bus. 

The diesel bus used to perform the data acquisition about the route profiles was the City Gold 2KD, 
from MAN, whose main characteristics are in Table 2.2. 

 

Table 2.2 – MAN 2KD main characteristics. 

Make MAN Seating 35 
Length 12 062 mm Standing places 52 
Width 2 500 mm Motor 288 kW (310 cv) 
Doors 2 Fuel Diesel 

 

2.3. Conventional bus used for energy consumption and GHG emissions 
comparison and additional route with extra-urban characteristics 

Data describing the fuel consumption behaviour of a conventional diesel bus, with similar weight to 
the electric one in study, was collected from the literature with the objective of making a direct 
comparison with the electric bus. Data relative to an additional route, with extra-urban characteristics, 
was also collected in order to enable a broader study and comparison of the electric bus.[12] 

 

2.4. VSP methodology 

The VSP (Vehicle Specific Power) methodology is a method broadly used to provide accurate energy 
consumption estimates for light-duty vehicles as well as diesel buses that operate small distance routes, 
such as urban buses. This methodology can also be used to estimate the energy consumption of electric 
vehicles of the categories mentioned above.[6,13–15] 
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The VSP is defined as the vehicle traction power per unit of mass (W/kg). That means that the VSP 
is a function of vehicle speed, acceleration, road grade, rolling resistance from the tires and also the 
aerodynamic resistance.[16] For urban buses, VSP is estimated by equation (1).[13] 

 

 𝑉𝑆𝑃 = 𝑣 × (𝑎 + 𝑔 × sin(ⱷ) + 0,092) + 0,00021 × 𝑣3 (1) 

 

Table 2.3 – Description of the terms present in the VSP equation. 

𝒗 Bus speed (m/s)  ⱷ Road grade (rad) 

𝒂 Bus acceleration (m/s2)  𝟎, 𝟎𝟗𝟐 Rolling resistance term (m/s2) 
𝒈 Gravity acceleration (m/s2)  𝟎, 𝟎𝟎𝟎𝟐𝟏 Aerodynamic resistance term (m-1) 

 

In order to use this method, it was necessary to define 15 VSP modes (Table 2.4). These correspond 
to a given interval of VSP values, and for which one of these VSP modes an average power consumption 
value will be attributed. These modes can have negative or positive VSP values, which correspond to 
situations where kinetic energy has to be removed or supplied to the vehicle, respectively.  

An estimation of the vehicle total energy consumption can be obtained by multiplying the average 
power of a given VSP mode for the percentage of time that the vehicle travels in that mode, and then 
making the sum of that result for all VSP modes. 

 

Table 2.4 – Definition of the VSP modes used. 

Modes that imply dissipation/ regeneration 
of energy by the brakes/motor 

 
Modes that imply an energy supply from 

the motor 

VSP mode VSP interval (W/Kg)  VSP mode VSP interval (W/Kg) 
-7 < -13  1 0 2 
-6 -13 -10  2 2 4 
-5 -10 -8  3 4 6 
-4 -8 -6  4 6 8 
-3 -6 -4  5 8 10 
-2 -4 -2  6 10 13 
-1 -2 0  7 > 13 

0 0 0     

 

These VSP modes are defined taking into account that the chosen distribution must produce values 
of required power that are statistically different from one another, and none of the VSP modes should 
be dominant in respect to the others.[13] Consequently, the bus should not spend the majority of the trip 
time in a given VSP mode. 

 

2.5. Data analysis methodology for Data acquisition 1 

The route’s data collected from the conventional bus monitoring needed to be matched in frequency 
and synchronized in time, due to the two different origins of data having different acquisition frequencies. 
To achieve that a MATLAB script was used. After that the idling times where removed.  

Due to the occurrence of some sudden oscillations in the altitude profile gathered by the GPS 
equipment, there was also the need to smooth out that profile and eliminate those errors. This was 
addressed using another MATLAB script. 

The modal VSP distribution as well as the motor power per VSP mode, P(i), that characterizes the 
bus, was obtained from the resulting data using equation (2). 

 

 𝑃(𝑖) =
∑ 𝑃(𝑖, 𝑗) ×

𝑗=𝑛𝑡
𝑗=1  𝑛𝑝(𝑖, 𝑗)

𝑛𝑝(𝑖)
 (2) 

 

An operational parameter sensibility analysis can be done by grouping the collected data to create 
data sets that represent different operational requirements or bus properties, such as the different 
SOC’s, different driving cycles, urban or extra-urban, and different road grades. The gathered data was 
grouped following what is described in Table 2.5. 
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Table 2.5 – Division into classes of the SOC, driving-cycle and road grade.  

Class SOC interval (%)  Class Cycle  Class Road grade interval (º) 

1 0-20  1 Urban  1 -5 a -2,5 
2 20-40  2 Extra-Urban  2 -2,5 a 0 

3 40-60     3 0 a 2,5 
4 60-80     4 2,5 a 5 

5 80-100       

 

The average propulsion and regeneration efficiencies can also be obtained from the processed data 
and the theoretical power requirements of the vehicle, obtained through the VSP methodology. This can 
be done using equation (3), equation (4) and equation (5), as well as Table 2.6. 

 

 �̅�𝑡(𝑖) = 𝑉𝑆𝑃̅̅ ̅̅ ̅̅ (𝑖) × �̅� (3) 

 �̅�𝑝𝑟𝑜𝑝 =
1

5
∑

�̅�𝑡(𝑖)

𝑃(𝑖)

𝑖=5

𝑖=1

 (4) 

 �̅�𝑟𝑒𝑔𝑒𝑛 =
1

5
∑

𝑃(𝑖)

�̅�𝑡(𝑖)

𝑖=−1

𝑖=−5

 (5) 

 

Table 2.6 – Mean values of VSP classes from -5 to 5. 

VSP class -5 -4 -3 -2 -1 0 1 2 3 4 5 

Average value (W/kg) -9 -7 -5 -3 -1 0 1 3 5 7 9 

 

The power of the electric bus auxiliaries is assumed to be the average auxiliary power that is verified 
throughout the tests, and it is then added to the VSP obtained motor power in order to have the total 
power consumed by the bus for any given situation. 

All the routes that were covered during the experimental tests were also characterized, using the 
VSP method, in a VSP versus distance way, in order to enable the simulation of the conventional diesel 
bus performance when operating in them. 

 

2.6. Data analysis methodology for Data acquisition 2 

Regarding the routes characterized in a conventional bus, there was no need to synchronize the data 
because it is provided from the GPS equipment. However, there was still the need to correct the 
excessive altitude oscillations produced by the GPS equipment. There was also the need to make some 
corrections in the vehicle speed produced by the GPS equipment, because most of the times when the 
vehicle speed is 0 the GPS registers a small speed value. To correct that, and considering the direct 
comparison made between the GPS and on-board computer speeds registered in Data acquisition 1, 
all speeds below 1,5 km/h were considered to be zero.  

The route characterization was again based on the VSP method, from which a VSP versus distance 
profile was created for each one of the analysed routes. 

 

2.7. GHG calculation methodology 

The greenhouse gas emissions for the electric and the internal combustion engine bus were obtained 
from the multiplication of the energy consumption values by the emission factor values provided from 
the literature (Table 2.7).[7,17,18] These emission factors enable the assessment of the GHG emissions 
of both buses in a way that separates the local (TTW – Tank to wheel) emissions from the non-local 
(WTT – Well to tank) emissions. Regarding the electric bus, a comparison between the impacts of the 
use of electricity coming from the Portuguese national electric grid versus the use of electricity coming 
from 100% renewable sources can also be performed. 

 

Table 2.7 – GHG emission values per unit of energy supplied to the vehicle (gCO2eq/MJ).[7,17,18] 

Energy source WTT TTW WTW 

Diesel 16,27 74,98 91,25 
Electricity (Portuguese mix) 110,22 - 110,92 
Electricity (100% renewable) 5,6 - 5,6 

 



5 

2.8. Numerical simulation methodology (using AVL Cruise) 

The numerical model of the electric bus was developed in AVL Cruise using the software’s modular 
approach. In that approach, each module corresponds to a subsystem of the vehicle, like the electric 
motor, the traction battery or the brakes and wheels. These modules are linked together through 
mechanical, electrical or data connections. Some of the parameters required to define the vehicle 
characteristics are collected from the literature or from the software itself, as they do not vary much from 
bus to bus. These include the wheel dimensions and the disc brakes properties, while the rest of the 
parameters, like the traction motor and battery capacities and efficiencies, need to be provided by the 
bus manufacturer in order to accurately characterize the computational model of the vehicle. 

The topography and speed of the routes collected during the data acquisition tests on-board the 
electric bus were fed to the program to validate the vehicle computational model. This was done in the 
form of a table containing data that defines the altitude as a function of the distance travelled and another 
one that defines the vehicle speed as a function of time. The vehicle model was then used to estimate 
the bus performance when traveling in other commercial routes, such as the ones gattered during the 
second data acquisition tests on-board the diesel bus. 

 

3. Results 
From the collected data an analysis was conducted with the objective of characterizing the energy 

consumption profiles of the bus, based on the VSP method, as well as testing the sensibility to different 
traffic and road conditions. A comparison between the electric bus and a conventional one was also 
done, using data collected about the dynamics and topography of several real routes, with the objective 
of showing the real-world benefits of the first with respect to energy consumption and GHG emissions. 

 

3.1. Experimental characterization of the electric bus and numerical model validation 

During the experimental tests about 13 200 valid data points, divided into 6 courses, were collected 
to characterize the electric bus. About 71 km were travelled at an average speed of 22 km/h (Table 3.1). 

 

Table 3.1 – Summary of the courses covered to characterize the electric bus. 

Course Description 
SOC Motor energy 

consumption 
(kWh) 

Distance 
travelled 

(km) 

Average 
speed 
(km/h) 

Start End 

P1 Caetano → STCP 99 90 5,97 12,19 34,2 
P2 STCP → Coimbrões 90 80 6,17 8,42 33 
P3 904: Lap 1 80 58 10,05 14,72 14,9 
P4 904: Lap 2 58 38 9,96 14,68 15,3 
P5 904: Lap 3 38 21 9,05 14,69 15,5 
P6 Coimbrões → Caetano 21 10 5,78 6,45 31,6 

 

The application of the VSP methodology to the collected data produced the results in Figure 3.1. 
These results show the total power consumption of the bus, traction motor plus auxiliaries, as a function 
of the VSP mode. Through them, the almost linear behaviour of the electric bus traction motor can be 
seen, which indicates that the motor maintains an almost constant efficiency throughout its entire 
operational range. The energy regeneration capabilities of the bus are also highlighted. Using equation 
(4) and (5), the propulsion efficiency is estimated to be around 93% and the regeneration efficiency 
around 78%. In comparison, a conventional bus would have propulsion efficiencies of around 30% and 
no possibility of regeneration, showing the superiority of the electric bus in the energy efficiency area. 

 
Figure 3.1 – Bus characterization in terms of the total power consumption as a function of the VSP mode. 
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The numerical model validation yielded good results, with the simulated energy consumptions 
varying from -5% to +4% of the real ones, except for the course P1 and P2, which had simulated energy 
consumptions 50% and 26% lower than the ones measured at the field, respectively. These errors can 
probably be explained in part by the high SOC of the battery at the beginning of course P1 as well as 
by the fact that the motor and battery temperatures were not yet in a normal operating regime when the 
experimental data relative to them was collected, with the regeneration capabilities of the powertrain 
limited. The motor power as a function of the VSP mode was also compared between the model and 
the results from the collected data (Figure 3.2 (A)). This comparison showed that both data sets have 
the same behaviour, but for VSP modes between -2 and -7 the computational model presents power 
values that are about 20% lower than the real ones, and for VSP modes between 3 and 7 the 
computational model presents power values that are between 10% lower or higher than the real ones. 
The instantaneous motor power was also compared between the model and the collected data, as seen 
in Figure 3.2 (B). In general, the two have the same behaviour, with the differences being the ones 
described above. 

 
Figure 3.2 – A: Comparison between the simulated and the measured motor power as function of the VSP mode. 
B: Comparison between the simulated and the measured motor power as a function of time for part of course P5. 

 

3.2. Total energy consumption of the bus as a function of speed and road grade 

The energy consumption of the bus as a function of speed and road grade was calculated through 
linear equations by sections obtained from the results of Figure 3.1, which express the power as a 
function of the VSP. From these equations, Figure 3.3 and Figure 3.4 were obtained. From Figure 3.3 
(B), it can be seen that the maximum power of the traction motor, 160 kW, limits the climbing speed for 
road grades above 3º. For road grades bellow that, the limiting factor is the motor maximum rpm. For 
negative road grades, Figure 3.3 (A), the bus is almost always delivering power to the batteries, with the 
small exception of road grades of -1º and speeds above 60 km/h. 

 
Figure 3.3 – Total power as a function of speed and road grade. A: negative road grade (-5º to -1º); B: neutral 

and positive road grade (0º to 5º). 

 

From an energy consumption point of view, in terms of energy per kilometre, for negative road grades 
the energy consumption is almost constant for speed between 25 and 60 km/h (Figure 3.4 (A)). For 
neutral road grades, the energy consumption decreases with speed until a minimum of 0,5 kWh/km 
when the bus travels at 30 km/h, then it increases gradually up to 0,75 kWh/km for a constant speed of 
70 km/h. For road grades between 1º and 2º the energy consumption is almost constant with speed 
after the 10 km/h mark, with roughly 1,3 kWh/km and 1,9 kWh/km, respectively. For road grades greater 
than 2º the energy consumption has a descending behaviour with the increase in vehicle speed (Figure 
3.4 (B)). 
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Figure 3.4 – Energy consumption as a function of speed and road grade. A: negative road grade (-5º to -1º); B: 

neutral and positive road grade (0º to 5º). 

 

3.3. Sensibility to the variation of operational parameters (SOC, driving cycle and 
road grade) 

With respect to the sensibility to the SOC variation no clear tendency was found. That indicates that 
the efficiency of the battery and motor unit stays roughly the same during the entire discharge cycle. 
The only other conclusion taken from the results is that for very high SOC’s, between 80% to 100%, the 
regeneration capabilities of the bus are somewhat lower than for the rest of the SOC range (Figure 3.5 
(A)). This might have happened since the battery was not yet at optimal operating temperature when it 
started discharging from 100%. Also, batteries have a natural tendency to accept less charge when they 
are at very high SOC’s. 

Regarding the driving cycle sensibility, it was found that the power required by the motor in each 
situation is basically the same. That indicates that the electric motor has very low efficiency variations 
with speed and load. 

 

 
Figure 3.5 – A: Power supplied to the engine as a function of the VSP mode for the several SOC classes. B: 

Power supplied to the motor as a function of the VSP mode for the urban and extra-urban driving cycles. 

 

In terms of specific energy consumption, the urban driving cycle shows a reduction of 11% when 
compared to the extra-urban driving cycle. This is mainly due to the difference in aerodynamic drag 
between the driving cycles average speeds (Table 3.2). 

 

Table 3.2 – Comparison between the general characteristics of the driving cycles considered. 

Driving cycle 
Average 

speed (km/h) 
Distance 

(km) 
Energy consumption 

(kWh) 
Specific consumption 

(kWh/km) 

Urban 14,68 43,55 27,68 0,63 
Extra-urban 37,38 27,60 19,32 0,70 

 

In terms of the variation of the power supplied to the motor as a function of the VSP mode for different 
road grades, there’s a slight tendency that shows that it tends to increase as the road grade increases 
(Figure 3.6). This might be due to the architecture of the motor and the fact that its efficiency is slightly 
worse at high loads and low rpm’s. 
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Figure 3.6 – Power supplied to the motor as a function of the VSP mode for the several classes of road grade. 

 

 

3.4. Comparison with conventional diesel bus 

For all the analysed routes, the electric bus has a lower energy consumption and lower values of 
GHG emissions (Table 3.3 and Table 3.4). For the routes with urban characteristics, Table 3.3, the 
electric bus represents savings of circa 70% and 83% in energy consumption, depending on the source 
of the electricity used, as well as savings of around 84% and 99% in GHG emissions, again depending 
on the source of the electricity used.  

For the routes with extra-urban characteristics (Table 3.4), the electric bus represents savings of 
around 52% and 71% in energy consumption, depending on the source of the electricity used, as well 
as savings of around 73% and 98% in GHG emissions, again depending on the source of the electricity 
used. The exception to these values is the route P1, which favours even more the electric bus due to 
the route net loss of altitude that allows it to regenerate potential energy into electricity. 

 

Table 3.3 – Percentage of energy consumption and GHG reduction, in a WTW basis, that the electric bus 
provides when compared to the diesel bus for the routes with urban characteristics. 

 Routes with less accentuated 
average road grades 

Routes with more accentuated 
road grades 

Route P3 P4 P5 L1 L2 L3 L4 

Consumption (PT) 70,4% 68,8% 69,2% 70,3% 78,2% 69,3% 71,1% 

Consumption (REN) 83,6% 82,7% 82,9% 83,5% 87,9% 83,0% 84,0% 

GHG (PT) 84,0% 83,1% 83,3% 83,9% 88,2% 83,4% 84,3% 

GHG (REN) 99,2% 99,1% 99,2% 99,2% 99,4% 99,2% 99,2% 

 

Table 3.4 – Percentage of energy consumption and GHG reduction, in a WTW basis, that the electric bus 
provides when compared to the diesel bus for the routes with extra-urban characteristics. 

 Routes with lower % of highway Routes with higher % of highway 

Route P1 P2 P6 M1 

Consumption (PT) 72,2% 51,6% 47,5% 53,0% 

Consumption (REN) 84,6% 73,1% 70,9% 73,9% 

GHG (PT) 84,9% 73,8% 71,6% 74,5% 

GHG (REN) 99,2% 98,7% 98,6% 98,7% 

 

A comparison between the two buses was also made through the use of specific driving events such 
as decelerations followed by acceleration for different road grade conditions and accelerations followed 
by cruising, also for different road conditions. From all the analysed events, the electric bus only showed 
a superior energy consumption, in a WTW basis, once, but even there it allowed for a 40% reduction in 
GHG emissions if it is electricity was obtained from the Portuguese electric grid (Table 3.5). In all the 
other analysed events the electric bus generates savings that range from 8,8% to 181,7% in terms of 
energy consumption and 50% to 144% in terms of GHG emissions, if it’s electricity was obtained from 
the Portuguese electric grid. In case of electricity obtained from 100% renewable sources these values 
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would range from 49% to 145% in terms of energy consumption and 97% to 102% in terms of GHG 
emissions. 

 

Table 3.5 – Percentage of energy consumption and GHG reduction, in a WTW basis, that the electric bus 
provides when compared to the diesel bus for the eight analysed events. 

Event (A) (B) (C) (D) (E) (F) (G) (H) 

Consumption (PT) 56,2% 31,4% 132,8% 86,2% -7,4% 8,8% 82,3% 181,7% 

Consumption (REN) 75,7% 62,0% 118,2% 92,3% 40,5% 49,4% 90,2% 145,3% 

GHG (PT) 76,3% 62,8% 117,3% 92,5% 41,8% 50,5% 89,5% 144,2% 

GHG (REN) 98,8% 98,1% 100,9% 99,6% 97,1% 97,5% 99,5% 102,2% 

 

 

3.5. Operational analysis of the electric bus when in operation at the studied routes 

Assuming a charging time of 45 minutes and considering the data obtained during the experimental 
tests plus the one from the Mafra route, an analysis was made in order to understand the availability of 
the electric bus when operating these different routes. The results (Table 3.6) show that for the routes 
with urban characteristics, P3/P4/P5, L1+L2 and L3+L4, the bus can be operated for a period of time 
varying from 7h42m to 9h16m without the need to recharge its batteries, which leads to an operational 
availability in the order of 91% to 92%. On the other side, for the M1 route, that has extra-urban 
characteristics, and due to the higher average speeds, the bus can be operated for almost 4h without 
the need to recharge, which translates to an operational availability of almost 84%. 

 

Table 3.6 – Operational analysis of the electric bus when in operation at the studied routes. 

 

 

 

4. Conclusions 
The main objective of this study was to evaluate the performance of the battery electric bus e.City 

Gold, when in use in real world conditions.  

With the collected data the bus propulsion system was characterized using the VSP method. It was 
concluded that the average propulsion efficiency was 93,8%, when working in motor mode, and 77,9%, 
when working in generator mode. It was also concluded that the bus auxiliary systems had an average 
power consumption of 3,28 kW. 

Regarding the influence of the operational parameters such as SOC, driving cycle and road grade, 
it was concluded that the influence of the battery SOC in the motor power versus VSP mode curve was 
minimal, except for the reduced regeneration capabilities when the SOC was between 90% and 100%. 
It was also determined that the energy consumption of the bus was 11% lower when operating in an 
urban environment, comparing to an extra urban one, and that the energy consumption per VSP mode 
also increases with the road grade. 

The numerical model tested in the AVL CRUISE software was able to simulate with good accuracy 
the routes obtained during the experimental tests. The power versus VSP curve obtained from the 
software had values about 20% lower for the negative modes and between 10% lower and 10% higher 
for the positive ones. 

 P3/P4/P5 L1+L2 L3+L4 M1 

Battery capacity (kWh) 85 85 85 85 
Energy consumption per lap (kWh) 9,69 12,27 11,40 42,27 
Possible number of laps per charge 8 6 7 2 

Final SOC (%) 8,8 13,4 6,1 0,5 
Leftover energy (kWh) 7,48 11,38 5,20 0,46 

Average lap duration (s) 3470 5560 4095 7048 
Operational time per charge (h) 7h:42m 9h:16m 7h:58m 3h:55m 

Recharging time (min) 45 min 45 min 45 min 45 min 
Maximum percentage of time that the bus can be 

operational (%) 
91,1 92,5 91,4 83,9 



10 

The comparison made between the electric bus and the conventional diesel bus showed the 
advantages of the first at the energy consumption and GHG emissions level. The electric bus had lower 
energy consumptions for all the analysed routes, with reductions of about 70% for urban routes and 
50% for extra urban ones, in a WTW basis and considering electricity from the Portuguese electric grid. 
These values range from 80-85% and 70-75%, respectively, when considering electricity from 100% 
renewable sources. Regarding the GHG emissions the electric bus provided reductions of about 84% 
for the urban routes and 73% for the extra urban ones, considering electricity from the Portuguese 
electric grid, and 99% and 98%, respectively, when considering electricity from 100% renewable 
sources. 

From the analysis of specific driving events it was clear that the electric bus was always superior in 
terms of reducing the emissions of GHG, and from the 8 events analysed the electric bus was only 
inferior in terms of energy consumption in one of them, being clearly superior in all the others. 

An operational analysis of the electric bus, for the studied commercial passenger routes, showed 
that for the ones with urban characteristics the bus could remain operational for periods between 7h:42m 
and 9h:16m, which corresponds to an availability of 91,1% to 92,5%. For the route with extra urban 
characteristics these values are lower, with operational periods of around 4h that correspond to an 
availability of 83,9%. 
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