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Abstract

The problem of transport-related greenhouse gas (GHG) emissions is 
common knowledge. In recent years, the electrification of cars is 
being prompted by many as the best solution to this issue. However, 
due to their rather big battery packs, the embedded ecological 
footprint of electric cars has been shown to be still quite high. 
Therefore, depending on the size of the vehicle, tens -if not hundreds- 
of thousands of kilometres are needed to offset this burden. Human-
powered vehicles (HPVs), thanks to their smaller size, are inherently 
much cleaner means of transportation, yet their limited speed 
impedes widespread adoption for mid-range and long-range trips, 
favouring cars, especially in rural areas. This paper addresses the 
challenge of HPVs speed, limited by their low input power and non-
optimal distribution of the resistive forces. The article analyses 
dissipation sources from rolling resistance, aerodynamics, inertia, and 
more for various vehicles, emphasizing the fundamental role of 
aerodynamic resistance for HPVs. It is here shown that, for classical 
non-enclosed bicycles, aerodynamic resistance is typically much 
higher than rolling resistance, and possibly higher than any type of 
dissipation during rural trips. Enclosed HPVs, specifically 
velomobiles, are then proposed as a solution. Their low drag results 
in a distribution of the various sources of dissipation more similar to 
that of a car than that of a bicycle. Furthermore, their use in tandem 
for long rural trips is shown to be particularly efficient, exceeding the 
40 km/h threshold with only 75 W/rider and negligible battery 
consumption. Urban trips, with heavy traffic, may favour non-faired 
bicycles over velomobiles. However, the latter remain valuable in 
average-to-low traffic conditions and offer a decisive advantage when 
the weather is non-optimal.

Introduction

In 2020, the European Union committed to achieving carbon 
neutrality by 2050 through a 90% reduction in transport-related 
carbon emissions compared to 1990 levels [1]. Despite this goal, 
emissions in 2021 were 18% higher than 1990 levels [2]. 
Furthermore, this delay in reaching a global common agreement has 
recently resulted in 2023 being the hottest year of the historical series 
in the post-industrial history. It averaged 1.48 °C warmer than the 
1850-1900 pre-industrial level, closer than ever to the 1.5 °C 
threshold, which is expected to be broken in 2024 [3]. Urgent, 
substantial changes in transportation are crucial to avoid surpassing 
the 2 °C limit.

Electric Cars (ECs) are often suggested as a solution, but they possess 
high embedded carbon footprint, mainly attributed to large battery 

packs. For this reason, depending on the size of the vehicle, tens -if 
not hundreds- of thousands of kilometres are needed to offset this 
burden [4] [5]. In contrast, Human-Powered Vehicles (HPVs) have a 
significantly smaller carbon footprint due to their lower mass. 
Specifically, Electrically Assisted HPVs (EAHPVs) also have 
batteries, but their capacity is orders of magnitude smaller than that 
of ECs. Therefore, encouraging the substitution of cars with efficient 
HPVs can play a crucial role in limiting global warming to 2 °C. 
However, HPVs are often disregarded as a valid means of 
transportation due to their inherent lower speed. In fact, HPVs mainly 
rely on the human body as a power source. However, the human body 
is generally unable to generate enough power to overcome the 
resistive forces generated at high speeds.

As early as the 1990s, studies were delving into the aerodynamics 
and rolling resistance in bicycles [6][7], highlighting their pivotal role 
in HPVs performance. Depending on factors like terrain, riding 
speed, wind speed, and tyres type, aerodynamic dissipation typically 
constitutes 60% to 95% of the total energy dissipated in steady-state 
conditions (i.e., at constant speed) [7]. Modern online tools [8] [9] 
have emerged to analyse these phenomena. Their models, based on 
scientific literature like [10] and [11] , provide customizable 
calculators that offer insights into power distribution in steady-state 
conditions. Particularly, [9] not only details overall power dissipation 
but also breaks down contributions from aerodynamics, rolling 
resistance, slope, and drivetrain losses. Setting the above parameters 
to reasonable values reveals that aerodynamics and rolling resistance 
become comparable around 15 km/h on a bicycle. Variability factors 
include overall mass (impact on vertical load), tyre type (impact on 
rolling resistance), and rider posture (impact on aerodynamics). 
Therefore, even at lower speeds, the dissipative aerodynamic 
component is still relevant for a bicycle [10]. However, as the speed 
increases, the aerodynamic component becomes more and more 
relevant, generating a bottleneck on the maximum attainable speed. 
Indeed, as hinted before, the main issue with traditional bicycles is 
their relatively low top-end speed. A rider generally needs to output 
between 250 W to 320 W to ride at a speed of 40 km/h on flat ground 
[7] [8] [9]. The casual rider, however, generally averages around 100 
W, or below. Therefore, many people are usually unable to 
comfortably reach and maintain a speed of 25 km/h on a traditional 
bicycle. For this reason, in recent years, affordable Electrically 
Assisted Bicycles (EABs) have been on the rise [12]. However, as 
per regulation in many European countries, the electric motor of 
EABs must shut down at 25 km/h. For this reason, EABs don’t offer 
much more than regular bikes for people willing to ride faster than 25 
km/h. In fact, on average, due to the presence of a motor and a 
battery pack, EABs weigh more than regular bikes. This means that 
above 25 km/h EABs dissipate more energy than regular bikes 
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without being able to provide any power compensation, resulting in 
slower vehicles.

On the other hand, enclosed human-powered cycles, known as 
velomobiles, make it possible to reach higher top-end speeds thanks 
to their superior aerodynamic efficiency. The inclusion of a fairing 
not only addresses the common challenge of low top-end speed in 
most HPVs but also offers additional advantages, including 
protection from adverse weather conditions. 

Purpose of this paper is to present velomobiles as a possible 
substitute for cars on rural trips, thus offering a more sustainable 
mobility alternative. This is certainly not the first work to discuss the 
potential of velomobiles. In fact, at least 20 years have passed since 
the velomobile has been presented as a relevant technology, different 
from common bicycles and cars, yet, ideally, including the pros of 
both [13]. Also, a more recent study [14] has analysed possible 
limitations to the use of velomobiles, including the lack of dedicated 
infrastructures. Another factor is the cost of EAHPVs. While more 
affordable than EVs, their price is comparable to high-end EABs and 
racing bicycles. However, it's worth noting that their relatively high 
price is partly attributed to the lack of mass production. While 
acknowledging the multifaceted reasons for the limited adoption of 
human-powered transport compared to automobiles, this paper 
focuses on demonstrating the potential reduction in power 
consumption and increase in speed achievable with aerodynamic 
fairings, rather than proposing them as a comprehensive solution to 
the broader uptake issue.  Specifically, in the present work, we 
analyse a two-seater velomobile, tall enough to be safely spotted by 
car drivers, reducing the necessity for usage on cycle paths, while 
still granting the option to ride on cycle paths and traffic limited 
zones. To support such proposal, the performance of the velomobile 
shall be compared to that of traditional bicycles and to that of EC. To 
this purpose the “Methodology” section introduces a model that may 
be adapted to the three kind of vehicles. This model accounts for all 
the main dissipation contributions, including inertia, which is usually 
disregarded in the models [8] [9], or purposely rendered minimal 
with steady-state testing [7] or with long tests without stop-and-gos 
[6]. The same section then presents the testing procedure protocol, 
purposely devised to test the three vehicles’ virtual prototypes using 
representative boundary conditions. Finally, in the “Results and 
discussion” section, a comparison between different kinds of vehicles 
is conducted, focusing on the peculiarity of velomobiles 
aerodynamics.

Methodology

The following section presents the model used, as well as the testing 
procedures and the physical quantities of interest for the analyses.

Model overview

The model presented in this study for the simulation of road vehicles 
was developed with Simulink®, the MATLAB®-based graphical 
programming environment. The model, depicted in Figure 1, 
numerically integrates equation   (1) to return the speed profile during 
the simulation.

ẍ =

T inputR c ⋅ ηmec−F tyres−F slope−F aer o x−F brakek inertia  (1)

Where: 

 T input  is the total propulsive torque applied to the vehicle. For 
HPVs it is both dependent on the torque applied by the motor 
and by the riders. The torque applied by the riders is multiplied 
by the transmission ratio, which depends on the gear engaged. 
This torque also accounts for the efficiency of the electric motor.

 R c  is the radius of the tyres.
 ηmec  is the mechanical efficiency of the transmission.
 F tyres  is the total resistive force due to the rolling resistance. It is 

linearly dependent on the total vertical load and depends on the 
tyre compound. Since the C rr  of the tyre is a speed-dependent 
parameter, F clinchers  is also speed-dependent.

 F slope  accounts for the slope resistance. It is directly proportional 
to the total vertical load and to the sine of the road’s slope.

 F aer o x  is the aerodynamic resistance, which is heavily 
speed-dependent, as shown by equation  (2). All the simulations 
were run at a density ρ  of 1.225 kg/m3, while the speed 
dependency of the C d  parameter was evaluated with 
Computational Fluid Dynamics (CFD) simulations, as explained 
later in the text.F aer o x ( ẋ )=12 ρ ⋅ Af ⋅ C d ( ẋ ) ⋅ ẋ 2 (2)

 F brake  is the total braking force applied to the vehicle by the 
braking system. It is not the force applied by the brake pads to 
the wheel’s disc, but rather its effect on the whole vehicle. It is 
obtained inverting equation   (1), setting T input  to 0 Nm and a 
constant deceleration automatically computed to guarantee the 
vehicle stop at a user-defined location.

 k inertia is the apparent mass, including both the static masses 
(i.e., the riders’ and vehicle’s masses) and the effect of the 
rotational masses (i.e., wheels, axles, and transmission gears).

The model also converts all the forces to their respective power 
generation (for propulsive forces) or power dissipation (for 
dissipative forces). Through the integration of these powers, one can 
then evaluate the major sources of dissipation along a predefined 
itinerary, for different kinds of vehicles.

Page 2 of 10

dd/mm/2024



Figure 1. Highest level of the model’s block diagram.

Testing procedure – vehicles configurations

Depending on the inputs, the model can simulate a wide range of 
vehicles with significant variations. Namely, in this paper, the objects 
of study are: 

1. an EC;
2. a traditional (non-faired) EAB;
3. an electrically assisted velomobile (EAV).

The EAV was simulated in multiple configurations. Therefore, in 
order to keep a compact but clear nomenclature, the suffix (§R.p#) 
was added, where:

 § represents the number of riders;
 # represents the power output or each rider (expressed in 

W/rider).

For example, EAV (2R.p100) is powered by two riders, where each 
one is outputting 100 W. The EAB was only simulated in the 
(1R.p100) configuration, but the suffix was still added in the name 
for the sake of clarity when looking at the diagrams. Simulations for 
HPVs were conducted under the assumption of a maximum power 
output in the 75 W/rider to 100 W/rider range, reflecting a low-to-
moderate exertion level achievable by non-athletic individuals. 

Depending on the vehicle, the yellow blocks in Figure 1 are subject 
to slight changes. For example, the subsystem “ELECTRIC 
ASSISTANCE” presents a limiter that switches off the motor when 
the speed of an EAHPV reaches 25 km/h. However, for cars, this 
limitation is disabled. For the EC, simulations were performed 
assuming constant torque of the electric motor up to 100 km/h, and 

then constant power. The actual power output was then set to have 
consistent behaviour with that expected by a real driver, maintaining 
a reasonably safe speed on corners, and without exceeding speed 
limits in any section. Other significant changes involve:

 the total mass M  (sum of vehicle and riders’ masses), leading to 
changes in the slope resistance in the “SLOPE” block.

 the apparent mass k inertia, influencing the vehicle acceleration;
 the radius of the tyres R c ;
 the C rr  curve inside the “ROLLING RESISTANCE” block;
 the product C d ⋅ Af  inside the “AERODYNAMICS” block;
 the number of riders and their power output inside the 

“RIDER(S)” block;
 the “BRAKE” block is also subject to minor changes since it 

contains some parameters which govern the coast-down phase of 
the vehicles.

Table 1 provides a summary of the most relevant parameters for each 
type of vehicle. The velomobile presents two values of M  and k inertia 
because it was simulated both with 1 rider and 2 riders (70 kg each) 
on board. Similarly, the car was simulated with 1 to 5 people on 
board. Also, it is important to note that the equations of the C d ⋅ Af  
curves reported in Table 1 are valid in the range between 0 km/h to 
50 km/h for the EAB, and up to 70 km/h for the EAV. They are 
interpolation equations, which should not be blindly used for trend 
extrapolation. However, for the purpose of this study, the speed range 
from 0 km/h to 50-70 km/h is sufficient, as shown later in the paper.

Table 1. Summary of the parameters used in the simulations, for each vehicle.

Car Bicycle VelomobileM /kg 2070-2350 82 115-185k inertia/kg 2082 84.42 117.17-187.17R c /m 0.345 0.340 0.238C rr 0.075 +
+ 2.2·10-5 ẋ  + 

 + 5.5·10-9 ẋ 2 0.00352 +
+ 2.2·10-5 ẋ  + 

+ 5.5·10-9 ẋ 2 0.00352 +
+ 2.2·10-5 ẋ  + 

+ 5.5·10-9 ẋ 2C d ⋅ Af /m2 0.576
0.3714 +

- 1.8479·10-4 ẋ  + 

- 2.1573·10-5 ẋ 2 0.0693 +
- 3.0625·10-4 ẋ  + 

+ 1.2797·10-6 ẋ 2
A 2000 kg mass of the EC was assumed, an average value between 
the unladen masses of the popular Tesla model S (2170 kg) and Tesla 
model 3 (1830 kg). For the EB 12 kg where assumed, modelling a 
relatively lightweight electric bike. Finally, the velomobile mass was 
set to 45 kg to simulate a relatively large yet lightweight model. This 
value was determined based on the expertise of research the group, 
which has been developing velomobiles since 2009 [15].

The tyres radius R c  was set to standard values for the bicycle (700c 
wheels with a 28 mm tyre) and for the velomobile (20” wheels with 
35 mm tyre). For the EC, the dimension was set according to the 
Tesla model S tyres (size 255/45R19) [16]. The C rr  curves for 
bicycles tyres were evaluated experimentally with an improved 
version of the test bench reported in [17]. A similar approach was 
taken for the car’s C rr , assuming a curve which can reasonably 
represent the actual C rr  of efficient car tyres. The reference values for 
this check were extracted from [18]. An additional factor influencing 
rolling resistance is road surface roughness, with a variability 
typically ranging from 10% to 15% [19]. Given that rolling resistance 
is only one of the six dissipation sources investigated within this 
work, it is worth noting that this variability has a limited effect on the 
overall result. It will be demonstrated later that rolling resistance does 
not exceed 40% in terms of dissipation contribution. Consequently, 
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the roughness variability has an impact of approximately 5% on the 
overall results, maintaining the order of magnitude of specific 
consumption detailed in subsequent sections. For the sake of 
simplicity, it was decided to omit this particular parameter from the 
rolling resistance model.

The C d ⋅ Af  of the EC was set once again to that of the Tesla model S
[20] and assumed constant in the speed range of interest. The drag 
coefficient C d  for HPVs have been computed through CFD analyses 
performed with STAR-CCM+®. The CAD model of the traditional 
bicycle was downloaded from the web and modified to simplify the 
geometry to a reasonable degree and optimize the time of the CFD 
analyses. The shell of the velomobile was instead designed from 
scratch by the authors, and manually optimized to achieve a low drag 
coefficient, while ensuring accessibility and the ability to 
accommodate two people inside the vehicle. Particularly, the most 
aerodynamic performance was found when considering a back-to-
back seating position of the riders (Figure 2). Indeed, this setup 
maximizes the effectiveness of the larger central section of the 
velomobile, as both riders have their shoulders in the same area. 
Additionally, it helps to gently close the tail of the velomobile, 
resulting in a more streamlined shape, hence reducing the pressure 
drag component. Wheels rotation was included in the model, and all 
the analyses were conducted in steady-steady state conditions, with 
still vehicle and moving ground, at zero yaw. The model has been 
used by the research group for years [21] and has been improved over 
time. For the bicycle, the air speed was set at 15 km/h, 30 km/h, 40 
km/h and 50 km/h to extrapolate the curves of aerodynamic 
dissipation. The velomobile was also run at 70 km/h. The results 
obtained for the bicycle were validated against independent 
numerical simulations [8] [9]. In the case of the bicycle, the effect of 
surface roughness of skin, fabric etc are disregarded. Nevertheless, 
the bicycle’s  C d ⋅ Af  curve resulting from our CFD (Table 1) returns 
values in the range of 0.317-to-0.371 m2, which are coherent with 
constant C d ⋅ Af  values found in literature for upright cyclists [22]
[23]. The C d   is also dependent on the ambient wind speed and the 
yaw angle. These dependencies have been disregarded for all three 
vehicle types not only because incorporating them would have 
complicated the model and introduced significant variability, but also 
because actual traffic conditions could further alter these variables 
(e.g., a vehicle cutting through the air in front would reduce the drag). 
Therefore, the authors opted not to introduce the complexity of 
accounting for the yaw and wind variables. By simplifying the model 
in this way, the focus remains on the core aspects of the study, 
facilitating clearer interpretation and analysis. Furthermore, in the 
case of the velomobile, it is worth noting that, given its streamlined 
fairing, it should be able to retain the air attached to it quite well for 
small yaw angles. Greater yaw angles should only be present at very 
low speed, when the vehicle is able to tight corner without rolling 
over. 

Figure 2. Representation of the bicycle CAD and velomobile CAD, with the 
mannequins, used for the CFD analyses.

Testing procedure – itineraries

The output quantities of interest, detailed in the next Section, heavily 
rely on realistic boundary conditions to accurately represent working 
scenarios. Simulations were performed for both urban and rural trips. 
The two itineraries include various stops along the route. Both 
itineraries are based on one of the authors’ usual commutes to work. 
The urban itinerary, depicted in Figure 3, is 5375 m long and 
comprises 21 stops, including the destination. The rural trip, shown in 
Figure 4, is 4360 m long and has only three stops, including the 
destination. In order to conduct a general analysis, the actual slope of 
the itineraries was neglected, and five scenarios with fixed slope 
values (-1%, 0%, 1%, 2%, 6%) were conducted. Furthermore, for all 
simulations, low traffic conditions were assumed. Therefore, the 
vehicles were simulated close to free-flow conditions between the 
various stops.

Figure 3. Google Earth’s screenshot of the urban itinerary. The green dots 
represent the stops of the vehicle.

Figure 4. Google Earth’s screenshot of the rural itinerary. The green dots 
represent the stops of the vehicle.

Physical quantities of interest

As reported earlier in the paper, the model returns both the energetic 
and kinematic quantities of the simulated vehicle. Specifically, for 
this study, the following 6 energetic quantities of interest were 
extracted:

 “Aero.”: aerodynamic resistance;
 "Roll. Res.”: rolling resistance;
 “Inertia”: resistance of the vehicle due to static and rotating 

masses;
 "Mech.”: mechanical losses of the transmission;
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 “E-motor”: dissipations due to the conversion inside the electric 
motor of electric energy into mechanical energy;

 “Slope”: resistance due to the slope of the road.

It should be noted that inertia acts as a propulsive source during the 
deceleration phase. Consequently, since the vehicles start and end the 
trip with zero speed, if one were to integrate the power dissipation 
caused by inertia throughout the entire trip, the total energy 
dissipation due to the inertia would be null. However, inertia largely 
contributes to the energy demand of vehicles, and a vast part of its 
propulsive potential is spent in the active brake phase. Conversely, if 
one were to account for aerodynamic, rolling resistance, and 
mechanical losses during the braking phase, one would overestimate 
the actual contribution of these quantities to the total propulsive 
energy required during the trip. Therefore, the power dissipation of 
the six quantities of interest was only integrated during the active 
propulsive phases (i.e., when the riders are pedalling and/or the motor 
is active) and passive propulsive phases (i.e., coast-down phases). By 
doing so, the sum of these quantities perfectly balances the total 
propulsive energy required by the vehicles.

The efficiency of the vehicles was evaluated at the end of the trips 
considering:

1. the total consumption;
2. the total distance travelled;
3. the number of passengers onboard.

The unit of measurement of interest chosen was, therefore, the 
Wh/(km·passenger), in short Wh/(km·p).

Finally, also the speed profiles in relation to the distance travelled 
were analysed to assess the advantage of using a velomobile instead 
of a traditional bicycle for urban and rural trips.

Results and discussion

Figures from Figure 5 to 7 show the curves of dissipation for the 3 
vehicles along the rural trip, on flat ground. It is immediately 
apparent that the car (Figure 5) is 1 to 2 orders of magnitude less 
efficient than the two HPVs (Figure 6 and 7) mainly due to its higher 
mass, generating greater Inertia. Indeed, Inertia is the most relevant 
component of energy dissipation for the car throughout the whole trip 
(Figure 5), while it stands in the lower end of the graph for the 
bicycle (Figure 6). For the velomobile, Inertia is comparable to the 
other main source of dissipation (i.e., Roll. Res.) both in tandem 
(Figure 7.a) and in single rider configuration (Figure 7.b).

There is also a noticeable difference between the shares of the 
aerodynamic resistance. For the bicycle, it becomes the most relevant 
source of dissipation after the first 220 m, only to grow more and 
more throughout the rest of the trip. Conversely, for the car it is the 
second least relevant source of dissipation, always well below Inertia 
and Roll. Res., and only at times comparable the motor losses (second 
kilometre in Figure 5). Finally, for the velomobile, the Aero. 
component stands as the third most relevant component of 
dissipation.

The share of the various dissipations at the end of the rural trip on flat 
ground is summarised in Figure 8.a. The share of the electric motor 
losses is significant (15%) only on the electric car, where the motor is 
the only source of power. For the EAHPVs, the E-motor losses stay 
at 2.2% or lower. However, from this picture, it is evident that overall 
the share of the velomobile dissipations is more similar to that of the 
car than that of the bicycle. The similarities are even more evident on 
the urban trip on flat ground, where:

 the Aero. dissipation is one order of magnitude higher for the 
bicycle, and

 the E-motor losses become more significant for the EAHPVs 
(Figure 8.b) due to the lower speed of the vehicles on the urban 
trip (Table 2) compared to the rural trip (Table 3).

Figure 5. Results of the share among the various sources of dissipation on an 
electric car during a rural trip, on flat road. One person on board of the 
vehicle.

Figure 6. Results of the share among the various sources of dissipation on an 
electrically assisted bicycle during a rural trip, on flat road. Single rider 
powering the vehicle with 100 W.
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Figure 7. Various sources of dissipation on an electrically assisted velomobile, during a rural trip, on flat road. (a) Two riders on board, powering the vehicle in tandem, 
with 75 W/rider. (b) Single rider powering the vehicle with 100 W.

         
Figure 8. Percentage contribution of various sources of dissipation on different kinds of vehicles on flat road, for a rural trip (a), and an urban trip (b).

Overall, the EC, EAB and EAV are three distinct types of vehicles, 
each exhibiting different maximum and average speeds along the 
same itinerary. They can show similarities and differences depending 
on the physical quantity analysed. As just shown, the share of the 
various energy dissipation components is quite similar for the EC and 
the EAV. However, the total consumption along the trip is much 
higher for the EC. Figure 9 shows in a compact form the results of 
the simulations on flat ground: a graph where the average speed at the 
end of the trip is plotted against the specific energy consumption. 
This graph clearly shows that, even when the EC is boarded by 5 
people, its energy consumption is still about 10 times higher than that 
of the EAHPVs analysed. However, since the velomobile is a two-
seater, a more reasonable comparison should be made with the car 
ridden by one or two people. In that case, switching from the EC to 
the EAV would result in an increase of the efficiency by two orders 
of magnitude. The figure also shows that the velomobile is a good 
middle range vehicle, with a decent average speed even when 
powered with a low-to-average power output of 75-to-100 W/rider. 
As depicted in the legend, the solid lines represent the rural 
simulations, while the dashed lines represent the urban ones. The 
areas coloured in between for each mode of transportation represent 
the plausible range of consumption for a generic mixed urban-rural 
trip.

Table 2. Summary of: average speed, maximum speed, and consumption on 
the urban trip for constant slope values. Comparison between the three 
vehicles in various configurations.

EAB
1R.p100

EAV
1R.p100

EAV
2R.p75

EAV
2R.p100

EC slope

ẋ avg /(km/h)

18.2 18.4 18.0 18.3 20.0 -2%

17.5 17.8 17.2 17.6 19.7 -1%

16.5 17.0 16.3 16.8 19.4 0%

16.3 15.9 15.2 15.5 18.7 1%

15.9 15.4 13.9 14.6 17.7 2%

12.0 10.3 8.4 9.0 14.4 6%

ẋ max / (km/h)

37.9 49.2 49.7 50.0 50.0 -2%

32.1 42.0 42.4 44.5 50.0 -1%

25.8 33.3 33.0 36.3 50.0 0%

25.0 25.0 25.0 25.0 50.0 1%

25.0 25.0 21.7 24.1 50.0 2%

16.2 13.1 10.1 11.3 50.0 6%

Consumption/
Wh/(km·p)

3.98 3.94 2.82 3.17 174.9 -2%

4.62 4.65 3.38 3.75 189.5 -1%

5.50 5.60 4.21 4.55 207.2 0%

7.58 7.84 6.03 5.95 229.1 1%

9.79 10.92 8.17 8.28 257.6 2%

18.28 24.13 19.07 18.85 489.4 6%
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Table 3. Summary of: average speed, maximum speed, and consumption on 
the rural trip for constant slope values. Comparison between the three vehicles 
in various configurations.

EAB
1R.p100

EAV
1R.p100

EAV
2R.p75

EAV
2R.p100

EC slope

ẋ avg /(km/h)

32.7 41.8 41.9 42.6 47.7 -2%

28.6 37.0 37.3 38.7 43.3 -1%

24.0 31.0 30.5 33.4 40.5 0%

23.4 23.2 22.9 23.1 41.7 1%

23.2 22.9 20.1 22.1 40.8 2%

15.5 12.7 9.8 11.0 37.1 6%

ẋ max / (km/h)

38.9 68.5 70.0 70.0 70.0 -2%

32.5 57.2 62.2 65.3 70.0 -1%

25.9 40.2 41.2 47.4 70.0 0%

25.0 25.0 25.0 25.0 70.0 1%

25.0 25.0 21.7 24.2 70.0 2%

16.2 13.1 10.1 11.3 70.0 6%

Consumption/
Wh/(km·p)

2.83 1.44 0.98 1.12 82.74 -2%

3.37 2.45 1.75 2.08 92.03 -1%

4.19 3.26 2.45 2.78 126.5 0%

6.68 6.00 4.65 4.49 185.2 1%

9.38 9.80 7.48 7.47 242.7 2%

18.37 24.14 19.07 18.85 509.9 6%

Figure 9. Comparison of the average specific consumption for rural and urban 
trips on flat road. Bicycle vs velomobile vs car in various configurations.

Slope influence on the attainable speed

As shown in Tables 2 and 3, uphills can substantially slow down the 
EAHPVs. The effect is also more evident for the velomobile. 

On a constant uphill of 1-to-2%, the EAV is comparable to the lighter 
EAB. On a 6% constant uphill trip, the velomobile becomes rather 
slow due to the heavier mass not compensated by a surplus of power. 
However, it should be noted that these simulations are conducted at 
constant slope. In real life, depending on the actual slope profile 
along the itinerary, the velomobile could still prove to be much faster 
than a non-faired bicycle on uphills. This is the case for uphill 
stretches which are preceded by light downslopes long enough to let 
the velomobile build momentum. In fact, it is shown in Table 3 that, 
on a gentle downslope (1-to-2%), the velomobile easily reaches 60-
to-70 km/h of maximum speed, roughly twice as much the speed 
reached by the bicycle.

Even when considering a constant uphill outward trip, the inward one 
would be downhill. Assuming a 1% slope, the average speed of 23 
km/h of the outward trip would be balanced by the 37-38 km/h 
inward trip, resulting in a roughly 30 km/h average daily commute. 
Compared to the average speed of 26 km/h (average of 23 and 29 
km/h) for the daily commute of the EAB, the EAV is still clearly 
faster. 

The influence of slope on the EC is less relevant due to the much 
more powerful engine. In fact, slope only influences the average 
speed, with the EC always able to reach the legal speed limit both on 
the urban and on the rural itinerary (50 km/h and 70 km/h, 
respectively).

A focus on EAHPVs

The remainder of the present analysis is focused on a direct 
comparison of performances of the different kinds of EAHPVs, i.e. 
bicycle and velomobile. In detail the influence of better aerodynamics 
on top-end speed, speed profiles and specific consumption shall be 
evaluated.

Along a rural trip on flat road, the higher top-end speed of the 
velomobile can be exploited quite well (Figure 10.a). At a power 
output of 100 W/rider, this results in 39% average speed gain when 
switching from the bicycle to the velomobile in tandem 
configuration. The absolute increase is 9.4 km/h (from 24 km/h to 
33.4 km/h), as shown in Table 3. Furthermore, with the same power 
output, the average consumption per rider also drops from 4.2 
Wh/(km·p) to 2.8 Wh/(km·p), as shown in Figure 11, resulting in a 
33% more efficient trip. When powered in tandem with 75 W/rider 
on the flat, the velomobile still manages to reach more than 41 km/h 
(Table 3) with the very low energy requirement of 2.45 Wh/(km·p). 
Conversely, as shown by Figure 10.b, on the flat urban trip the higher 
top-end speed of the velomobile cannot be fully exploited due to the 
frequent stop-and-gos. Additionally, due to the greater mass (Table 
1), the inertia component of the velomobile becomes by far 
predominant (Figure 8.b), resulting in a slightly slower vehicle when 
starting from a standstill. Nonetheless, under the assumption of low 
traffic level, on the flat, the velomobile is no slower than the bicycle, 
averaging between 16.3 km/h and 17.0 km/h (Table 2) at the end of 
the urban trip. Overall, as shown in Figure 12, the velomobile 
resulted in the more efficient vehicle also for the urban trip, only 
slightly exceeding the bicycle consumption when powered by a 
single rider.

Going uphill, the difference in efficiency between the EAB and EAV 
is reduced. However, on slight slopes of 1-2% the velomobile can 
still result in the more efficient choice, especially when powered in 
tandem. In fact, the efficiency of the tandem velomobile is 
comparable to that of the non-faired bicycle even on a 6% uphill trip 
(roughly 18.3 vs 18.85 Wh/(km·p)), as shown in Tables 2 and 3. The 
small variation in the specific consumption on the moderate uphill is 
given by the limited maximum velocity that can be attained. 
Therefore, the stop-and-gos have less of an impact. Conversely, a 
constant gentle downslope can have a considerable impact on 
efficiency: on -1% and -2% the EAV results more efficient than the 
EAB by 38% and 61%, respectively.
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Figure 10. Comparison between a bicycle powered by one rider and a velomobile powered by two riders with 100 W/rider on a flat road. Instantaneous and average 
speed for: (a) rural trip, and (b) urban trip.

Figure 11. Comparison of the average specific consumption for the rural trip 
on flat ground. Bicycle vs velomobile in various configurations.

Figure 12. Comparison of the average specific consumption for the urban trip 
on flat ground. Bicycle vs velomobile in various configurations. 

The velomobile stands out as a distinct vehicle from a bicycle, 
despite being a human-powered, pedal-assisted mode of 
transportation. Thanks to its fairing, the overall performance 
surpasses that of a non-faired bicycle. On a high-end velomobile, 
such as the one discussed in this paper, the distribution of dissipation 
sources is more akin to that of a car (i.e., with a low-drag component) 
than that of a bicycle. Notably, velomobiles can achieve way greater 
efficiency than cars, outperforming them by one-to-two orders of 
magnitude, thanks to their lower weight. While lighter than cars, 
velomobiles are still much heavier than bicycles. Nonetheless, a 
comparison between the velomobile and the bicycle shows that, for 
HPVs on flat ground, the gain in aerodynamics efficiency greatly 
offsets the increased inertia. In fact, velomobiles can be both more 
efficient and faster than bicycles, particularly on rural trips, where 
our simulations revealed a 33% increase in efficiency, a 39% rise in 
average speed, and an 85% boost in maximum speed.

Conclusions

The underutilization of more sustainable modes of transportation, 
such as electrically-assisted bicycles, compared to cars, can be 
attributed to several factors, particularly for short to medium trips 
typical of work-home commutes. These include the lack of protection 
against inclement weather, limited capacity for only one rider, slower 
speeds -particularly concerning for rural journeys- and inadequate 
storage space. However, velomobiles, which are faired human-
powered electrically assisted vehicles, present a potential solution to 
these challenges. 

By using an ad-hoc model developed by the authors, it was shown 
that, due to the aerodynamic efficiency fairing, the overall 
performance of a high-end velomobile greatly exceeds that of a non-
faired bicycle. Simulations were run both for rural and urban 
itineraries, considering low-to-average power output (75 W/rider and 
100 W/rider) to show the clear potential of high-end HPVs for daily 
usage in real life. The velomobile’s lower aerodynamic resistance 
proved to be highly advantageous on rural itineraries, resulting in a 
remarkable 33% increase in efficiency on flat road, as well as an 
impressive 39% and 85% increase in average and maximum speed, 
respectively. Downhill results presented even further improvements 
on both attainable speed and relative efficiency for the velomobile 
with respect to the bicycle. Conversely, uphills tend to penalise the 
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velomobile. However, a simplified analysis for trips comprising both 
up and downhills shows that the overall efficiency and speed of the 
velomobile are expected to be superior to that of the non-faired 
bicycle. Possibly, a future study dedicated to this issue could return 
more robust results on this topic, along with model refinements 
targeting rolling resistance and aerodynamic performance variability.

Overall, enhancing aerodynamic performance to achieve a more 
favourable distribution of power losses can result in higher top-end 
speeds with minimal energy consumption. It is here demonstrated 
that for the investigated itineraries, electric cars typically achieve 
average speeds in the range of 20-40 km/h. In contrast, velomobiles 
can attain average speeds ranging from 15-35 km/h with an efficiency 
level one to two orders of magnitude greater, thus establishing their 
suitability for most routine trips.
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Definitions/AbbreviationsAf frontal areaC rr coefficient of rolling 
resistanceC d coefficient of dragF aer o x force of aerodynamic 
resistance in the longitudinal 
directionF brake total braking force applied to 
the vehicle by the braking 
systemF clinchers force of rolling resistance

k inertia apparent mass, including 
both the static mass and the 
contribution of the rotating 
massesM static mass, sum of the 
vehicle and rider(s) massesR c radius of the loaded tyreT input total propulsive torque 
applied to the vehiclex vehicle distance travelledẋ vehicle speedẍ vehicle accelerationηmec mechanical efficiency of the 
transmissionρ air density

Aero. aerodynamic resistance

E-motor dissipations due to the 
conversion, inside the 
electric motor, of electric 
energy into mechanical 
energy

Inertia resistance of the vehicle due 
to static and rotating masses

Mech. mechanical losses of the 
transmission

Roll. Res. rolling resistance

GHG greenhouse gas

CFD computational fluid 
dynamics

EAHPV electrically assisted human-
powered vehicle

EAB electrically assisted bicycle

EAV electrically assisted 
velomobile

EC electric car

HPV human-powered vehicle
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