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ABSTRACT 

With the growing concern and awareness towards the environmental problems associated with climate change, an energy 
transition is inevitable. This work aims at evaluating the energy and environmental performance of different vehicle 
propulsion technologies in real routes through the creation of velocity profiles of that specific route. The information given 
by the Google Maps and OpenStreetMap APIs is used to build the speed profile on that specific route, considering 3 
different driving styles – eco, normal and aggressive. The simulated vehicle dynamics were validated by comparing the 
dynamic parameters of the real profiles in that same route and it was concluded that there was a good enough match 
between both (deviation inferior to 3% for the average acceleration). After the creation of the speed profile, it is possible to 
estimate the energetic and environmental performance of the different technologies using the Vehicle Specific Power (VSP) 
methodology. 
The results show that the type of route affects the energy consumption (at about 25% in Diesel vehicles and 20% in electric 
vehicles) as does the driving style (25% increase in average from eco to aggressive driving with the difference increasing for 
electric vehicles). In terms of vehicle technology, the energy consumption of an electric vehicle is 43%, 46.5% and 52% 
lower than the Diesel vehicle energy consumption for a hilly, urban and extra-urban route respectively.        

Keywords: energy consumption, electric mobility, hydrogen (fuel cell), velocity profile, dynamic, VSP 

1 INTRODUCTION 

With the growing concern and awareness of the 
environmental problems caused by climate change, an 
energy transition is inevitable. The main motor of climate 
change is the excess emission of greenhouse gases (GHG) 
like carbon dioxide (CO2) and the major sector responsible 
is transportation (957.3 Mton CO2eq in 2018 [1] in the 
European Union representing 24,5% of GHG [1]), being 
the only sector which emissions are growing since the 
Paris Agreement signing in 2016. In the fight against 
climate change, the president of the European 
Commission, Ursula Von der Leyen, introduced the 
European Green Deal in 2019 that proposes a detailed 
vision to make Europe the first carbon neutral continent 
by 2050 with an even more ambitious target of GHG 
emissions reductions from 40 to a minimal of 55% 
compared to 1990 values by 2030 known as Fit for 55 [2]. 
In this package, the commission proposes the revision of 
light-duty vehicles' CO2 emissions regulations pointing to a 
55% reduction in the limits of emissions of newly 
registered vehicles in the UE compared to those practiced 

in 2021. They also propose that in 2035 all light-duty 
vehicles must be emissions free [3]. For alternative fuels 
and respective infrastructure, regulations propose 
mandatory targets for each country based on their electric 
vehicles fleet (for every battery electric light-duty vehicle 
a total power output of at least 1 kW should be provided 
through publicly accessible recharging stations) and at 
least one recharging station must be available in a range 
of 60 km in either direction. For hydrogen, refueling 
stations must be available with a maximum distance of 
150 km between each other [4]. 

The interest in electric vehicles has been growing, 
although it only reflects on 3.5% of new vehicles 
registered in 2019 [5], and the trend is that it keeps 
growing in the next decade due to the advantages relative 
to conventional vehicles that will only increase with 
changes in legislation, such as: 

 Emissions Free in the operating stage. However, it 
should be taken into consideration the emissions 
during the production of the electricity used 
recharging the batteries. In Portugal, for example, 
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with a 67.2% share of renewables [6], represents 207 
gCO2/kWh of electricity [7]. Additionally, it should be 
considered the emissions during the construction of 
the batteries where and mining and refining of the 
key materials like aluminum, nickel, cobalt and 
lithium take a huge part. According to [8] it can reach 
80 kgCO2eq/kWh of battery capacity. This means that 
will be a crossover point of vehicle mileage from 
which the electric vehicle is better for the 
environment; 

 Cost and Energy Efficiency: due to a better energy 
efficiency (over 80% for electric vehicles and below 
30 for conventional vehicles [9]), the energy costs 
per km are inferior (0.0465€/km for electric vehicles 
and 0.075€/km for Diesel vehicles); 

 Comfort due to the absence of engine noise and 
vibrations; 

 Accessibility: increasing restrictions in circulation to 
polluting vehicles in urban areas. 

However, electric vehicles still face some challenges 
related to batteries. Besides the critical materials referred 
above [10] [11], there is still a high initial cost, a reduced 
range and a high recharging time [12]. 

Another technology that is finally gaining traction is fuel 
cells technology. Fuel cells use hydrogen, stored in high 
pressure tanks (usually 70 MPa for light-duty vehicles 
[13]) to generate electricity using a platinum catalyst at 
the anode that breaks the H2 in electrons and hydrogen 
protons (H

+
). The electrons travel through an outside 

circuit generating electricity to the motor while the 
protons cross the electrolyte and the permeable proton 
membrane and recombine with oxygen from the air and 
the electrons generating only water and heat that can be 
used in other vehicles utilities [14]. The big advantage 
over battery electric vehicles is the high energy density of 
hydrogen (33.6 kWh/kg [13]) that allows a much bigger 
range without compromising the weight and performance 
of the vehicle and the refueling time (5-8 minutes 
compared to a minimum of 1 hour and generally 6-8 
hours of electric vehicles) [12]. The big challenge of fuel 
cell vehicles is still the high costs associated with the 
production of hydrogen by electrolysis and fuel cell 
production primarily due to the lack of infrastructure and 
the lack of mass production. It is expected a 70% drop in 
the cost of fuel cell and hydrogen tanks production with 
mass production [15]. The other problem is that 
nowadays 95% of hydrogen production comes from 
natural gas from a process called methane steam 
reforming (STM) that produces 14.14 kg CO2/kg H2 which 
at the public eye will not represent as a viable option 

when the selling point is that is better for the 
environment. It is important that the hydrogen used in 
refueling stations be produced from electrolysis using 
renewables (like wind) that represent only an upfront 2.38 
kg CO2/kg H2 emissions. With the continuous 
implementation of renewables and the installation of 
offshore wind farms it is expected that the price of 
hydrogen production using electrolysis falls 60% till 2030  
from the 5-9.5 €/kg in 2020 [16] that represent a cost to 
consumer of 12-18€/kg H2 in the United Kingdom [17] and 
California [18] and 9.5€/kg in Germany [19]. 

Transportation systems are always developing, so 
simulation is extremely important to allow companies and 
people to quantify the savings associated with a shift from 
a technology to another. In line with this, it is necessary a 
model that keeps valid through the years that allows the 
quantification of energy consumptions to different vehicle 
technologies in specific routes. The way to do it is through 
the simulation of driving conditions using driving cycles 
that try to emulate them [20].  

There have been developed innumerous driving cycles 
trying to characterize vehicle emissions, consumptions 
and autonomy. However, this approach is limited to a 
particular region in which the cycle has been developed 
representing only the driving patterns of that region. For 
vehicle emissions and consumption certification, the 
World Wide Harmonized Light Vehicles Cycle (WLTC) 
replaced recently the New European Driving Cycle (NEDC) 
representing an improvement [21] relative to its 
predecessor in terms of proximity with real values but still 
under represents real conditions.  

Although representing the conditions worldwide the 
WLTC still faces the same problem of the other driving 
cycles of not being representative of a particular route.  
The objective of this thesis is to quantify the energy and 
environmental performance of different vehicles 
technologies in real and specific routes through the 
creation of representative speed profiles of a route of 
choice by the user.   

To add to the existing literature in speed profiles 
construction using maps features [22]–[25], this work 
develops a tool that creates route specific driving profiles 
using the information given by Google Maps and OSM 
APIs. 

2 METHODOLOGY 

In Figure 1 the developed methodology is presented 
regarding the construction of the speed profiles and the 
energy consumption estimation of that profile for a 
particular vehicle technology. 
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Figure 1 - Stage by Stage Methodology scheme description

2.1 DATA COLLECTION AND PROCESSING 

To obtain the route information, a request is first made to 
the Directions API do Google Maps that returns the 
expected duration, distance and n structures, being n the 
number of steps which represent a segment between two 
maneuvers. Each one of these sub-structures has the 
duration and distance of the step that allows the 
determination of the average speed, the maneuver that 
marks the start of the step, and the step polyline, which is 
a coded version of the latitude/longitude pairs of the step. 
The polyline is used to make the request to the Elevations 
API to obtain the values of elevation, latitude and 
longitude of every second of the route.  

All the information is organized in a matrix where the 
rows are consecutively: time (second to second); average 
speed on the step; distance traveled; the number of the 
step; maneuver between steps; latitude; longitude and; 
elevation. The information is complemented by a row of 
corner radius second to second determined using latitude 
and longitude values as developed by Beckers et.al [24]. 

To add more useful information to the matrix, like 
maximum legislated speed, the presence of crossings, 
traffic lights or STOP signs, a request is made to OSM API. 
However, the information needs to be mapped to the 
route in question so that only the nodes that are part of 
the route are considered. The information of maximum 
allowed speeds may be limited and the mapping may be 
imperfect due to the presence of viaducts or tunnels for 
example. Therefore, the information collected must be 

cleaned and completed using some assumptions and 
approximations for the maximum speed taking into 
account the road type and the average speed of the step.  

2.2 SECOND TO SECOND VELOCITY PROFILE 
CONSTRUCTION 

The velocity profile is built second by second taking into 
account the previous matrix information: 

1) Find the points of the route where the vehicle will 
stop. The vehicle can stop at traffic lights, crossings, 
roundabouts, STOPs, and intersections, being random 
to all events although with different probabilities for 
each one and for each driving style. The exceptions 
are STOPs and turn lefts where the vehicles always 
STOP except for the aggressive driving. The time that 
the vehicle is idling at any event is also variable and 
random within an interval of time defined for each 
event. With this, a vector containing 0s (stopped) and 
1s (running) is obtained. 

2) Creation of matriz alternativa that will copy the 
necessary information of the initial matrix adding the 
seconds the vehicle is stopped after each maneuver. 
It is also created a row of target speeds second by 
second based on the maximum allowed speed by law 
or, if the maximum possible speed in the segment is 
lower, a target speed defined by the distance 
between two zeros or a maneuver and a zero or by a 
limited speed driving a corner, based on the 
maximum lateral acceleration (𝑎𝑙𝑎𝑡) comfortable for 
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the driver, different for each driving style, and the 
corner radius (R) determined using equation  (1):  

 √𝑎𝑙𝑎𝑡 ∗ 𝑅 = 𝑣 (1) 

The distances traveled until each maneuver or in a 
change of target speeds are kept and written in a row 
of the new matrix. These distances will work as 
guides in the construction of the profile since they 
will have to always verify, apart from some 
exceptions to smooth the profile (in correcting it in 
2.3 and 2.4 for example in non-stopping traffic lights 
and crossings and in target speeds differences lower 
than 20 km/h).  

3) The profile is finally built on a second by second basis, 
using the information of the matrix and values of 
acceleration and deceleration for each driving style 
adapted from the literature and taking into 
consideration the influence of each event on driving. 
Deligianni et al. [26] studied the influence of different 
events in driving, concluding that braking behavior 
changes based on the motive for braking, showing 
that deceleration values are higher facing a dynamic 
obstacle like an erratic behavior of other drivers 
rather than a signalized event. This study also stated 
that the most used deceleration profile implies an 
early aggressive brake and then the deceleration gets 
smoother. Rakha et.al [27] studied the behavior in 
the approximation of traffic light changing to yellow, 
while [28] state the maximum recommended speed 
at roundabouts and [29] the behavior of drivers at 
roundabouts considering different exits. The profile is 
then built following: 
a) Initial acceleration until target speed; 
b) For each second there are two options: 

i) A maneuver exists: creates a deceleration until 
the defined velocity for the maneuver (might 
be 0, the new target speed or a velocity defined 
for that specific maneuver) starting from the 
velocity of the previous second. The 
deceleration is built backward so that the 
velocity at the second of the maneuver is 
achieved. After that, if the target speed is 
higher than the velocity of the maneuver, 
acceleration is built from that second onward 
until achieving the target speed. 

ii) A maneuver does not exist and the 
velocity is not filled by a previous maneuver: 
creates acceleration or deceleration if there is a 
difference in target speeds or if there is not, 
keeps the same velocity adding a small random 
value of acceleration or deceleration. 

c) Final braking until the last zero. 

When a velocity is written in the instantaneous speed row 
also a distance traveled value is written in the 
corresponding row according to equation (2). 

 𝑑𝑖 = 𝑑𝑖−1 + (𝑣𝑖 + 𝑣𝑖+1)/7.2 (2) 

From 24 km/h the acceleration and deceleration 
behaviors are based on the light blue curve in Figure 2 
obtained in a road test in the city of Lisbon [30]. For the 
eco driver, values 20% inferiors to that line were used, 
and for aggressive drivers 50% superiors. 

 

Figure 2 – Average acceleration/deceleration at different 
speeds (N = 28.9 million seconds)[30] 

2.2.1 DRIVING STYLE 

The driving style is the dynamic behavior of a driver on 
the road. Aggressive driving includes driving over the 
speed limit, aggressive accelerations and decelerations 
(with high values of jerk that represents an aggressive use 
of the pedals) and higher values of lateral acceleration in 
corners. Also, the anticipation of events is considered in 
the driving style. The values of Table 1 were used in this 
work, based on values from the literature [31] as guides in 
acceleration and deceleration maneuvers bearing into 
account that jerk is variable throughout the maneuvers 
and these are maximum values. Note that all the 
maneuvers are different due to the randomness used in 
the creation of the maneuvers. 

Table 1 – Driving style guiding parameters 

 Eco Normal Aggressive 

jerk (m/s
3
) ± 0.4 - 0.6 ± 0.6 - 0.8 ± 1 - 1.4 

amáx (m/s
2
) 1.2-1.5 1.5 - 2 2.2 – 3 

dmáx (m/s
2
) -1.8 - -2.1 -2.5 - -3.2 -4 - -4.8 

alat (m/s
2
) 1.5 - 4 1.5 - 4 3 - 6 

vtarget (%normal) 0.9 1 1.2 
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2.3 PROFILE CORRECTION THROUGH 
DISTANCE TRAVELLED CONTROL 

Analyzing every second of the matrix allows us to evaluate 
situations when appears a distance smaller than the 
previous one. In that case, the seconds immediately 
before are deleted until the second with a distance 
smaller than that of the start of the cut point. After 
deleting some lines of the matrix, it is imperative to 
correct the velocities around the cut to guarantee that Eq. 
(2) always verifies. To guarantee that unreal accelerations 
or decelerations appear: 

 If the difference of velocities between the second in 
which the cut started and the new previous one is 
superior to the maximum acceleration of the driver: 
acceleration from the value of the second before the 
cut until the second which the velocity difference to 
the previous one is smaller than the maximum 
acceleration 

 If the difference of velocities between the second in 
which the cut started and the new previous one is 
superior to the maximum deceleration: deceleration 
in the previous seconds starting from the second 
that originated the cut until the velocity difference 
between consecutive points is smaller than the 
deceleration distance 

 If the speed difference is within the maximum values 
of acceleration and deceleration of the driver: run 
the matrix backward and forwards until we find a 
new event or until the velocity is inferior to 20 km/h 
or the velocity difference between that second and 
the second of the cut is larger than 25 km/h. This 
creates an interval of seconds with the point of the 
cut somewhere in the middle in which the distance 
and velocity of the first (l) and last (j) point of the 
interval will be used as control points since before 
and after that point (2) will verify. The average 
velocity in that interval is determined guaranteeing 
that the velocities in the first and last point verify 
using equations (3)(4)(5).   

 𝑣𝑚𝑒𝑑𝑝𝑟𝑒
= (𝑑𝑗 − 𝑑𝑙)/(𝑡𝑗 − 𝑡𝑙) (3) 

 𝑣𝑎𝑙𝑡 = (𝑣𝑗 + 𝑣𝑙)/2 (4) 

 𝑣𝑚𝑒𝑑 = (𝑣𝑚𝑒𝑑𝑝𝑟𝑒
∗ (𝑡𝑗 − 𝑡𝑙) − 𝑣𝑎𝑙𝑡)/(𝑡𝑗 − 𝑡𝑙 − 1) (5) 

After that process, the velocities of the interval are 
summed except the first and last one and it is 
determined a preprocessed average velocity. The 
difference between the two average velocities will 

be subtracted for the velocities of every second of 
the interval except the first and last one. This 
process is also done to the first two points after the 
accelerations and decelerations. 

On the other hand, the differences between two 
consecutive seconds might as well be too large, since the 
method builds the profile onwards and backward from 
the maneuvers. It is then necessary to add seconds. To do 
this a new matrix (matriz velocidade) is created with the 
corrected seconds of the previous matrix adding the new 
seconds needed to close out those distances differences. 
The process of adding seconds works similar to the 
explained to the erasing of seconds and the adjustments 
made afterward. 

2.4 ACCELERATION AND ROAD GRADE 
CALCULATION 

The new matrix has 3 rows: time of the trip, second to 
second, starting in t=0s; velocity (in km/h) and distance 
traveled (in m). From the time and speed the acceleration 
is determined second by second as the slope of three 
consecutive points. Based on the distances traveled and 
the information of the first matrix, the values of the 
altitude are mapped to this new matrix. From the altitude 
and the instantaneous speed and acceleration the road 
grade (m/m) is determined. 

2.5 VSP CALCULATION AND VSP MODES 
DISTRIBUTION 

The information from the matrix will be used in Vehicle 
Specific Power (VSP) methodology to estimate energy 
consumption. The advantage of this methodology is that it 
allows estimating the consumptions based only on the 
dynamic of the vehicle in the route. 

VSP is defined as the power per unit mass (W/kg) and is 
calculated second by second according to the vehicle 
velocity and acceleration, rolling and aerodynamic 
resistances and road grade. The instantaneous power is 
used to overcome the rolling and aerodynamic forces and 
to increase the kinetic and potential energy of the vehicle. 
The mathematic expression was created in 1999 [32]: 

 

𝑉𝑆𝑃 =

𝑑
𝑑𝑡

(𝐸𝑘𝑖𝑛 + 𝐸𝑝𝑜𝑡) + 𝐹𝑟𝑜𝑙𝑙 ∗ 𝑣 + 𝐹𝑎𝑒𝑟𝑜 ∗ 𝑣

𝑚
 

(6) 

      = 𝑣 ∗ [𝑎 ∗ (1 + 𝜀𝑖) + 𝑔 ∗ 𝑖 + 𝑔 ∗ 𝐶𝑟𝑟] +
𝜌

2
∗

𝐶𝑑 ∗ 𝐴

𝑚
∗ 𝑣3 (7) 

Where 𝐶𝑟𝑟  depends on the pavement type and tire type 
and pressure. Typical values vary from 0.0085 and 0.016 



6 
 

and it is used 0.0135 for every vehicle in this work. 

𝜌𝑎𝑟 = 1.207 𝑘𝑔/𝑚3 at T=20ºC; 
𝐶𝑑∗𝐴

𝑚
: varies for each vehicle 

class and it is selected to use 0.0005 (m
2
/kg); v (m/s) is the 

velocity of the vehicle; a (m/s
2
) the acceleration and 

𝜀𝑖 = 0.1 a mass factor relative to the mass translation of 
rotating components; g=9.81 m/s

2
 is the acceleration of 

gravity and I the road grade (m/m). Eq. (8) is obtained: 

 𝑉𝑆𝑃 = 𝑣 ∗ (1.1 ∗  𝑎 + 9.81 ∗ 𝑖 + 0.132) + 0.000302 ∗ 𝑣3 (8) 

For the application of the VSP methodology in light-duty 
vehicles, VSP values are grouped in 14 modes as indicated 
in Table 2 [33]  

Table 2 – VSP modes grouped and respective W/kg intervals  

 

The goal is to attribute to each mode a specific 
consumption (g/s for Diesel and hydrogen and Wh/s for 
electric vehicles) determined in vehicle tests or using 
numerical simulations. 

2.6 ENERGY CONSUMPTION CALCULATION 

Knowing the specific consumption value (from the VSP 
curve), 𝑡𝑐𝑚, and the time spent in each mode, 𝑡𝑚, the 
total consumption of the trip (in kg of fuel or kWh of 
electricity) can be determined:  

 
𝐸𝑚 = (𝑡𝑚 ∗ 𝑡𝑐𝑚)/1000 → 𝐸𝑇𝑜𝑡𝑎𝑙 = ∑ 𝐸𝑚

𝑛𝑚

𝑚=1

 (9) 

To compare the different technologies the energy 
consumption for all vehicles in MJ/km is calculated. The 
low heating value (LHV) of diesel and hydrogen, 
respectively, LHVdiesel=42.5MJ/kg and LHVH2=120MJ/kg are 
used to obtain MJ/km, according with 𝐸𝑐 = 𝐸𝑇𝑜𝑡𝑎𝑙 ∗

𝐿𝐻𝑉/𝑑𝑡𝑜𝑡𝑎𝑙 For the electric vehicle the only conversion 
needed is from kWh to MJ (1kWh=3.6MJ):𝐸𝑐 = 𝐸𝑇𝑜𝑡𝑎𝑙 ∗
3.6/𝑑𝑡𝑜𝑡𝑎𝑙 . The emissions for the Diesel vehicle were also 
calculated using a factor of 3.16 𝑘𝑔𝐶𝑂2

/𝑘𝑔𝑐𝑜𝑚𝑏𝑢𝑠𝑡í𝑣𝑒𝑙  

based on the combustion reaction of 𝐶12𝐻23. 

2.7 CASE STUDY DEFINITION 

To compare the effect of the route in different vehicles 
technologies, energy consumption was analyzed on three 
case studies: 

1) Loures-Lisbon: connection with more trips and higher 
vehicle utilization between two AML municipalities 
[34]. The destination chosen was Saldanha because it 
is a crowded work zone in the city. The trip includes a 
small highway course, a steep climb and a typical 
urban course with several traffic lights and crossings. 
It represents well the typical Lisbon circulating 
conditions. 

2) Parque das Nações (Lisbon) – Albufeira: long distance 
trip that allows the comparison between using the 
highway or the national road and the effect of vehicle 
choice. 

3) Covilhã-Seia: a hilly trip with large positive and 
negative road grades. 

These case studies were analyzed using 4 VSP curves one 
for each technology: for the Diesel vehicle it was used the 
curve of a VW Golf Variant 1.6 TDI 110 cv (average of 4 
l/100km, 3.8 l/100km extra-urban and 4.4 l/100km urban 
with 101 gCO2/km emissions WLTP [35]); for the hybrid 
vehicle, a Hyundai Ionic (average 4l/100km, 3l/100km in 
urban driving and 4l/100km in the highway); for the 
electric, a Nissan Leaf (14 kWh/100km WLTP and 19.7kWh 
in road tests [36]); and finally a curve for a fuel cell vehicle 
(1.11 kg/100km [37] or 1.33 MJ/km) whose last two VSP 
modes had to be extrapolated because the vehicle 
simulation for the creation of the curve never achieved 
those modes. This implies that the consumption for higher 
powers might be over-estimated for the hydrogen vehicle.    

3 RESULTS AND DISCUSSION 

3.1 VELOCITY PROFILE VALIDATION 

The validation of the velocity profiles is made through the 
comparison of dynamic parameters of the simulated trips 
for the three modeled drivers with trips performed by a 
real driver, collected using a GPS device on the road in the 
same course with exception of some meters in the start of 
the trip. The route chosen was a work-to-home trip (ISEL – 
Povoa Santa Iria) with highway and urban driving. The 
distances at which the events occur in the simulated runs 
correspond to the distances of the real course what 
validates the corrections made in 2.3. These corrections 
and distances control makes all the simulated trips have 
the same distance, the one given by the Maps API request 
(14189 m) while the real trips have slightly different 
distances due to the spot where GPS started to work 
(14275m±60m). Figure 3 shows the comparison between a 
real speed profile and profiles simulated for the eco and 
normal drivers for every meter of the trip where we can 
see a good match between events. 
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Figure 3 – Comparison of the speed profiles for real (green) eco 
(red) and a normal (blue) driver 

One of the most important factors validating the tool is 
that the dynamic of the simulated runs respects the 
dynamic of the real trips. A good agreement can be seen 
in Figure 4 where, in every mode, the VSP distribution of 
the real driver is between the eco and the normal 
simulations. The variability in mode 3 for the same driver 
is well simulated. This variability relates to the fact that 
mode 3 represents idling conditions and depends on the 
number of stops and time stopped in the trip. 

 

Figure 4 – Comparison of VSP distribution for real trips (on the 
left) with simulated trips for an eco-driver (in the middle) and a 
normal driver (right) 

The dynamic parameters used to validate the tool were 
the average speed, average acceleration and average 
positive VSP. For average speed, the tool overestimates it 
in 16% for eco and 18.9% for normal driving simulation. 
The major difference happens between ]0-65[km/h. This 
is in an urban environment where it is probable that the 
real driver caught traffic in some of their runs accounting 
for an overestimate of the average speed of 21.1% for the 
eco simulations and 25.3% for the normal ones. In the 
high speed part of the trip (over 85 km/h) the differences 
were only 3.2% and 3.5% respectively. For the average 
acceleration, the values were very close between the real 

trips and the simulated to a normal driver (deviation of -
2.3%). The eco driver had a smaller average acceleration 
since it is modeled to avoid any aggressive acceleration 
and anticipate every event (deviation of -25.6%). The 
average positive VSP is influenced by the velocities as well 
as the accelerations (the difference of the road grade is 
not very important because it is the same route). The 
lower average speeds will cause this value also to be 
below the simulated ones. Another influencing factor can 
be seen in Figure 4 that the normal driver simulations 
reach the higher VSP modes while the real driver rarely 
reaches them. 

3.2 CASE STUDIES 

3.2.1 LOURES-SALDANHA (URBAN DRIVING) 

From Figure 5 it is understood that the time of the trip in 
urban circulation is very often out of the driver's control. 
However and despite not influencing the travel time, 
aggressive behavior will have a big impact on 
consumption as can be seen in Figure 6, Figure 7 and 
Figure 8. The increase in consumption from eco to 
aggressive driving is 23.6% and 29.2% for the Diesel and 
electric Vehicle respectively.  

 

Figure 5 – Average Speed in Loures-Saldanha simulations 

 

Figure 6 – Diesel Vehicle Consumption (l/100km) 

 

Figure 7 – Electric Vehicle Consumption (kWh/100km) 
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Figure 8 – Hydrogen Consumption (kg/100km) 

3.2.2 LISBON-ALBUFEIRA  

From Figure 9, compared to urban driving, extra-urban 
driving presents a very different shaped VSP distribution 
with much fewer stops and inferior stoppage time 
(percent wise), resulting in modes 1 and 3 having much 
less influence on the trip. These differences in dynamics 
related to the route will affect the energy consumption 
after applying the vehicle's VSP curves over each 
distribution. 

 

Figure 9 – VSP modes time distribution for the different case 
studies: Urban (red); Extra-Urban (yellow); Highway (blue); 
Hilly (green) 

Comparing the extra-urban case with the urban one, we 
observe a reduction in energy consumption of -26.74% for 
Diesel, -25% for hybrid and -17.4% for electric. The 
reduction in consumption of electric vehicles is inferior 
since the advantage of regenerating energy is lost when 
the vehicle circulates always at the same speeds. For the 
highway case, we can observe from the VSP distribution in 
Figure 9 that the vehicle spends more time in higher 
modes leading to higher consumption when compared to 
the same origin-destination points using the national 
roads (+19.7% Diesel; +20% for hybrid, +25.3% for electric 
vehicles and +37.23% in fuel cell vehicles). This extra 
energy consumption added to the cost of the toll saves 
the drive 4km and about 48 minutes of travel time. 

For the electric vehicle analyzed in this work, Nissan Leaf, 
the battery capacity is 40 kWh (144 MJ). With the energy 
consumptions estimated by this tool, this allows the 
vehicle to run 162 km of the highway course and 203km 

on the national road insufficient in either case to 
complete the journey. The recharging time is never less 
than 1 hour so this vehicle in particular is not usable in 
this kind of trip and this is still a major barrier for most 
electric vehicles. The lack of range and the time for 
recharging does not allow its usage on long trips. Fuel cell 
vehicles, whose hydrogen tank has the capacity for 4.5-6 
kg of hydrogen, are a viable option for long trips. Even 
calculating with the smaller tank, 4.5kg of stored 
hydrogen allows 287km on the highway and 394 km on 
the national road more than enough to finish this journey. 

3.2.3 COVILHÃ-SEIA 

From Figure 9 it is understood that the majority of this trip 
is either downhill or makes the driver decelerate and 
break or even both, since over 30% of the trip the vehicle 
is in VSP mode 1. This means that hilly driving represents 
perfect conditions for the electric vehicle in terms of the 
dynamics of the route due to regeneration. This is 
corroborated by the values obtained for the electric 
vehicle, which consumes 131.82% less energy per km than 
the Diesel one when compared to 115% less in urban 
driving and 84.27% less in extra-urban conditions. 

4 CONCLUSIONS AND FUTURE WORK 

The goal of this dissertation was to evaluate the energy 
and environmental impacts of different vehicle 
technologies through the creation of route representative 
speed profiles. By considering the particular conditions of 
each specific route, the limitation of driving cycles like 
NEDC and WLTC to provide average energy values to 
represent real world conditions is strongly reduced. 

To achieve the goal, a tool was developed in MATLAB that 
uses route information given by the Google Maps and 
OSM APIs for a pair of origin-destination points and curves 
of acceleration and deceleration as a function of the 
velocity taken from the literature. This allows the creation 
of representative velocity profiles of the route between 
those two points. VSP curves are used over that speed 
profile for each vehicle technology to estimate the energy 
consumption values for each vehicle on that trip. 

The validation results show a good agreement between 
the VSP distributions between the real and simulated 
dynamics for the same route. For the dynamic parameters 
used for validation an 18% deviation was verified for the 
average speed (23% in urban conditions), a -2.5% for 
average speed and an average positive VSP deviation of 
27% for normal driver simulations and 5% for the eco 
driver simulations. These values can be improved in the 
future if traffic information can be taken into 
consideration in the tool. 
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This tool also considers the variability in speed profiles 
based on driving styles. It is concluded that as it is 
increased the electrification level of the vehicle (Diesel-
hybrid-electric) the influence of aggressive driving on 
energy consumptions increases (percent wise). With the 
shift from conventional to electric vehicles an aggressive 
driver will face 1.29 times the consumption of an eco-
driver in urban regime instead of 1.24, 1.35 instead of 
1.26 on highways and 1.15 instead of 1.06 on hilly terrain. 
Those values for the hilly terrain show that when it is the 
characteristics of the course that imposes the velocity of 
circulation and power applied due to the road grade, the 
influence of the driving style in consumption is inferior. 

In terms of emissions and considering only the tank-to-
wheel stage shifting from the Diesel vehicle to either the 
electric or fuel cell vehicle, saves the environment 150 
gCO2/km in hilly terrain, 139 gCO2/km in urban routes, 
122 gCO2/km in highway trips and 100 gCO2/km in the 
extra-urban course. However, these values are cut by 
more than half if we consider the emissions associated 
with electricity production and battery construction, and 
grey hydrogen production. The electric vehicle is worst for 
the environment until it reaches the 20000-30000km 
mark. Only after that mileage does the electric vehicle 
become better in terms of emissions. Fuel cell vehicles 
only represent a better solution than conventional 
vehicles if the hydrogen is produced through electrolysis 
and using renewable power (usually from the wind) and 
not electricity from the grid. 

As it is understood, due to enormous variability and 
randomness of a car trip associated with the route and 
the driver, different routes originate different energy 
consumptions, as well as the influence of shift in 
propulsion technology and aggressiveness. With this in 
mind, this tool assumes its importance in filling the gap in 
literature allowing the estimation of energy consumption 
on specific routes. 

In future work, it can be added the influence of traffic and 
climatology on the construction of the profile if live traffic 
information becomes available in the information given by 
Maps API. This would bring the simulated and real 
dynamics closer. The acceleration/deceleration curves can 
be changed to similar ones taking into account the 
technology of the vehicle when a dataset for electric 
vehicles and fuel cell vehicles becomes available. To 
increase the level of interest of the public or of a company 
a Total Cost of Ownership and a Life Cycle Analyses layers 
can be added to the tool. And finally the adaptation of the 
tool for heavy-duty vehicles where its potential might be 
superior. 
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