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Abstract. Urban Air Mobility (UAM) is a recent concept proposed for solving urban mobility
problems, such as urban traffic pollution, congestion, and noises. The goal of this investigation
is to develop a backward model for an electric aerial taxi in order to estimate the electric
consumption and the indirect emissions of carbon dioxide in a specified mission. The model
takes as input the time histories of speed and altitude and estimates the power at the rotor shaft
during the mission with a quasi-static approach. The shaft power is used as input for the
electric drive where the motor is modelled with an efficiency map and a transfer function while
an equivalent circuit model which includes aging effects is used for the battery. The emissions
of CO- are calculated as a function of the Greenhouse emission intensity and compared with
that of a hybrid electric taxi performing the same mission with the same payload. A plug-in
Toyota Prius modelled through the software ADVISOR is considered for the comparison. The
results show that the air taxi behaves better than the road taxi not only in terms of trip time but
also from the environmental point of view if the charging of the battery is performed with the
emission intensity factory expected to be reached in Europe in 2025.

1. Introduction

Rapid population growth and urbanization have imposed enormous strains not only on the depletion of
fossil energy sources but also on the environment. According to Angel et al. [1], the number of people
living in cities keeps growing and it is expected to double from 2011 to 2054. At the same time, the
mobility requirement is increasing, leading to the need of forms of transportation, which are faster,
cheaper, safer, and cleaner than today [2]. Today transportation accounts for around one-fifth of global
carbon dioxide (CO2) emissions (ec.europa.eu). Road travel is responsible for three-quarters of them
while aviation accounts for 11.6% of the total transport emissions. Increasing the efficiency of the
utilization of energy in transport systems, speeding up the deployment of low-emission alternative
energy for transport and moving towards zero-emission vehicles are the main actions to reduce the
environmental impact of transportation [3] and fulfill future mobility needs.

In the latest few years, many companies have been developing new delivery and taxi services
conceived to work in the air. These services are denoted as Urban Air Mobility (UAM) and Urban Air
Delivery (UAD). This investigation focuses on Urban Air Mobility. In this field, large investments
have been made, over the past few years, for the development of electric vertical take-off and landing
(eVTOL) aircraft. Many issues like the lack of infrastructure, safety (in particular avoiding collisions
during the mission) and air traffic management are still open issues [4]-[6]. However, to the authors’
knowledge, a detailed energy analysis of this kind of vehicles has never been addressed in the
literature, except of for a few studies on Urban Air Delivery[7]-[9]. Uber performed a comparison
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between a traditional vehicle and an eVTOL one in terms of time spent, distance covered, and costs
without considering the environmental impact [10].

UAM is an interesting application for electric power systems because of the short-range and limited
speed that makes possible full electric powertrains even with today’s batteries (i.e. despite their
moderate values of energy density and power density which are the major bottleneck for larger
aircraft). However, ad-hoc flight mechanics analysis tools and design techniques need to be developed
for tackling the challenge of sizing and management of hybrid and fully electric aircraft. To this scope,
this investigation proposes a new methodology for the analysis of the energy required to complete an
air-taxi mission and compares the environmental impact of this kind of vehicle with that of a hybrid
electric taxicab using a well-to-wing/wheel approach.

2. Methods

The present investigation compares the two vehicles described in Figure 1. The first one is a
hypothetical air taxi with a total mass (including 4 passengers) of 1990kg, equipped with a fully
electric propulsion system. The second vehicle is a series/parallel hybrid electric vehicle, the Toyota
Prius AWD-i. The reason for the choice of this car is twofold: it is one of the most common vehicles
used as a road taxi and also the most studied hybrid electric vehicle with several data available in the
literature (see for example [12]).The total mass of the air-taxi was assumed according to what was
suggested in the literature, with particular reference to [10] and [11]. However, a more detailed
analysis of this important issue will be performed as further investigation. Note that in both cases, the
proposed solutions refer to today’s technology, but strong improvements are expected in the next years
above all in terms of battery energy density. This could help reduceinrg the MTOW (Maximum Take
off Weight) in the case of air-taxi and make possible the adoption of fully electric powertrains in the
case of road taxis.

Hypothetical Air taxi Toyota Prius AWD-i

Total mass (4 passengers)= 1990kg Total mass (2-4 passengers)= 1440kg+Np*75kg
Energy battery: 140kWh Energy battery=13kWh

EM power 240kW 72kW thermal +53kW EMs

Figure 1. Specification of the air and road taxis

2.1. The route

Using the data reported in [10], the two vehicles were supposed to perform the route between Marina,
San Francisco, and Downtown San Jose. For the air taxi the expected distance is about 70km, and the
flight time is only 15 minutes. For the road taxi, the distance is 90km while the trip time is strongly
affected by the driver style and the traffic conditions.

2.2. Modelling the taxicab

The selected road taxi is a Plug-in Hybrid Electric Vehicle (PHEV), i.e., a type of hybrid vehicle that
combines a conventional internal combustion engine (ICE) system with an electric propulsion system
(hybrid vehicle drivetrain). The presence of the electric powertrain is intended to achieve either better
fuel economy than a conventional vehicle. Being a plug-in hybrid vehicle, the battery is also
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substantially discharged during the mission, so this vehicle consumes both chemical energy (fuel) and
electricity (battery), that needs to be repleted by recharging the battery from the electric grid.

The taxicab was simulated with the well-known software ADVISOR developed by the National
Renewable Energy Laboratory NREL, [12]. Advisor is a set of model, data, and script text files for use
with Matlab and Simulink, designed for rapid analysis of the performance and fuel economy of
conventional, electric, and hybrid vehicles. The Toyota Prius is one of the vehicle models already
included in the ADVISOR library but it was necessary to update some data to simulate the Toyota
Prius AWD-I vehicle. The modified model was validated by using the declared data of the vehicle and
the fuel consumption on the New European Driving Cycle (NEDC), 4.81/100km, that was predicted
with very good accuracy (2%).

To represent the variability of the traffic conditions two different trips were built. The two trips have
the same distance (90km) but a different driving cycle. The first one has an average speed of 77km/h
(representative of a rural drive with very low traffic) while the second one represents a congested
traffic condition (average speed 34km/h). Moreover, the effect of the number of passengers has been
evaluated in the range 2-4.

200 200
-—tripl ---trip2 —trip1 —trip 2

5150 e E150
5 g

@10 =100
E 100 ) 3
b ]
_____________ g

50 0 ST @ 50

0 ):._-;'_"---"' 0

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
distance [km] distance [km]

Figure 2. Required time and speed profile for the two trips of the taxicab

2.3. Modeling the air taxi
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Figure 3. Energy model of the electric air taxi

For the modelling of the air taxi, the following points need to be achieved (see Figure 3):
- Defining a suitable mission.
- Calculating the shaft power request vs time.
- Modelling the electric drive.
- Based on the white paper of Uber [10], a typical mission (see the top-right plot of Figure 3) is
considered, consisting of seven blocks which refer to the climb (B,C and E), cruise (F), and
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descent (G,l and J) part, respectively. The proposed mission is characterized by a cruise
altitude of 458.6m and a cruise speed of 54m/s.

- The shaft power request vs time is estimated using literature methods and data [13] A requested
power of 240kW, 165kW and 145kW was considered for take-off, cruise and landing,
respectively. Using these values of power and the proposed times of each flight phase, we
obtain that the climb/descent phases require about 40% of the cruise energy, a value in
accordance with the data reported in [10].

2.3.1. Modelling the electric drive

The required power, together with the selected speed of 6000rpm is used as input for the model of the
electric drive consisting of two permanent magnet motors with a nominal power of 125kW. The
electric machines are modelled through the curve of maximum continuous torque and an efficiency
map. The dynamic behaviour is taken into account with a mechanical time constant [14]. The load is
equally distributed between the two electric machines. A third one is used for the back-up operation.
The battery is simulated with an electric equivalent circuit [15] where the Open Circuit Voltage OCV
is & mapped as a function of the battery state of charge, while the internal resistance R depends on the
specification of the battery and varies along with the battery life. Therefore, the battery current, is
calculated by solving the following equation:

Py (t) = [0CV(E) — R(t) - 1(£)] - 1(t) 1)

To take into account the Peukert effect (i.e. the reduction of the battery actual capacity when

increasing the discharge power), the effective current I ;¢ is calculated as:
n—1

faff=f'( I ) (2)

'iri'! o

Where n is the Peukert coefficient of the battery, I, .., is the current at which the nominal capacity C
is referred to.

Using the effective current, the state of charge of the battery S0C is upgraded, at any time during the
mission, as:

. . "Lest
soc(t) = soc(t,) - lﬂ{]-j Lih }dt (3)
to
Another important characteristic of the proposed battery model is that the values of capacity, internal
resistance and Peukert coefficient are updated with the battery cycle life (defined by the number of
discharge/charging cycles). For more details about the aging model, please refer to [16].

2.4. Well to wheel emission

To compare the two vehicles, a Well-To-Wheel/Wing approach is considered, i.e. the greenhouse
emissions are calculated considering the whole process, from the primary energy source (e.g. crude
oil) to the final energy to the wheels/wings. To this scope, for the gasoline fuel, it is possible to assume
3.15kgco2/kgiel (Which corresponds to 2.35kg co/litre) for the Tank-to-Wheel (TTW) conversion, and
0.55 Kgcoz/kgre for the WTT (Well-To-Tank). This means that the WTT emissions account for 15%
of the WTW contribution [17].

Full electric vehicles only produce emissions in the power plants since they use electric energy to
move the vehicle. The total amount of electricity depleted from the battery is calculated as the nominal
battery energy in kwh multiplied by the Depth Df Discharge (DOD) of the battery in the mission and
divided by the overall efficiency of the charging process. The result is multiplied by the Greenhouse
emission intensity factor to obtain the overall equivalent emissions of CO; (see figure Figure 4). In the
present investigation, the DOD is calculated with the proposed models for each taxi while the overall
charging efficiency is assumed equal to 80% [18][19].
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PRIMARY ENERGY TANK WHEEL/WING
SOURCE (WELL) &/ o’

+15%  2.35 kg CO,/liter

EI x kWh - DOD /0 char

Figure 4. Well-to-Wheel/Wing analysis

For the emission intensity factor, a study about CO..q emitted due to electricity production has to be
conducted. In fact, even if electricity generation from renewable sources has significantly increased in
the last years, most of the electric energy is yet produced from fossil fuels [20]- [21].
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Figure 5. Past, today and future emission intensity of European countries (data from
WWW.eea.europa.eu)

According to the European Energy Agency (EEA [22]), the greenhouse Emission Intensity for EU in
2019 is, on average, 275.0 g CO2¢/kWh with a maximum of 891 g COq/kWh for Estonia and a
minimum of 8 g CO2./kWh for Sweeden as shown in Figure 5a, where the value for Italy is also
shown. However, the greenhouse emission intensity is expected to be reduced to 75.49-96.81 ¢
CO2¢/kWh according to the EEA in 2030. In this investigation, we will consider the average value of
172 g CO2eq/kWh as the expected value in 2025 when air taxis are assumed to be introduced in the
urban air mobility system.

3. Results

The results of the simulations performed on the two vehicles are reported in this section in terms of
electricity and fuel consumption. As explained before, the required electricity is evaluated as a
function of the DOD which is calculated as the difference between the initial and the final value of the
battery State Of Charge, SOC (see Figure 6a). The overall fuel consumption is obtained by integrating
the fuel flow rate (Figure 6b.).

The overall results for the simulations performed on the air taxi are reported in Figure 7. In particular,
Figure 7a shows the time history of power request, actual motor power and battery power while Figure
7b reports the plot of SOC as a function of time. Like in the case of the taxicab, this plot is useful to
obtain the DOD and, therefore, the electric consumption.
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Figure 6. Simulation of the taxicab on trip 1
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Figure 7. Simulation of the air taxi
Table 1. Overall Results of the simulations

Distance Time Fuel Electric Charge
consumption consumption electricity
(liter/200km) (kWh) (kWh)
Air taxi (4p) 70 km 24 min - 82 102.5
Road taxi (2p, low 90 km 1h10min 5.7 3.9 4.9
traffic)
Road taxi (4p, 90 km 2h40min 6.9 6.5 8.1

congested traffic)

The total consumption of fuel and electricity for the two vehicles is reported in Table 1 where the
analysis of the taxicab is performed in two cases: 2 passengers and low traffic vs 4 passengers and
congested traffic. It is possible to notice the large impact of the traffic conditions and the number of
passengers on the taxicab consumption that reaches 6.9liter/100km in the worst case. Actually, tests
performed on the same vehicle [23] revealed that the fuel consumption of the Prius can range between
3 and 6 liter/100km on regulatory cycles (depending also on the version of the vehicle) while a still
higher variability is obtained in real driving conditions [24] where the fuel consumption can be as high
as 14.8liter/100km in case of the urban route and aggressive driving style. As for the electric
consumption, the battery is more discharged at the end of the trip2 with 4 passengers, so the electric
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consumption is 66% higher than in the case of trip 1 with 2 passengers. Moreover, the trip time is
much longer in the case of trip 2 because of the lower average speed (Figure 2).

The air taxi allows a very strong reduction of the trip time (which is only 24 minutes) but has a large
electricity consumption. Considering the charging efficiency, we have a needed charge electricity of
102.5kWh.

To compare the two systems (with the same number of passengers), the plot of Figure 8 shows the
overall emissions of CO; as a function of the emission intensity factor. With today’s average emission
intensity in Europe, the taxicab shows a relevant advantage because of the lower energy needed for the
trip. However, with the expected reduction of the emission intensity in 2025, the two solutions are
quite similar, with a slight advantage of the air taxi.

70 - asmAir taxi
e=mRoad taxi (4 p, congested traffic)
60 ~ ==FU 2019
==FU 2025 (expected)
=50 |
=3 | .
40 ¢ : |
U .
230 |
|_ L]
20 L |
10 -~ . .
0 1 % L I % 1 I % 1 % 1 % 1 {

0 100 200 300 400 500 600
CO, Emission intensity (g/kWh)

Figure 8. Overall emissions of CO; as a function of the emission intensity factor

It is worthwhile to point out that these results are obtained in the case of a battery at the beginning of
its life. If the battery aging phenomena are taken into account, the same trip would require a larger
charge of electricity (the battery is discharged faster) and the battery could not be able to sustain the
selected mission. Moreover, technological improvement in the electric components of the powertrain
could reduce, within 2025, the electrical consumption of both vehicles.

4. Summary and conclusions

A methodology has been developed to compare air taxis and road taxis performing the same route.
The electric air taxi was modelled with an in-house Simulink model that accounts for battery aging
while the plug-in hybrid electric road taxi was simulated with the Advisor software to obtain fuel
consumption under realistic driving conditions. The two vehicles were compared in terms of trip time
and overall emissions of CO». The results showed that the usage of an air taxi can strongly improve the
trip time while reducing the congestion of the traffic. However, the overall environmental impact is
strongly dependent on the greenhouse emission intensity. With today’s average emission intensity in
Europe, the taxicab shows a relevant advantage because of the lower energy needed for the trip.
However, with the expected reduction of the emission intensity in 2025, the two solutions become
quite similar, with a slight advantage of the air taxi. The results presented in this paper refer to today’s
technologies for each kind of taxi, expected improvement in the next years will be addressed in future
works.



11TH-EASN IOP Publishing

IOP Conf. Series: Materials Science and Engineering 1226 (2022) 012065 doi:10.1088/1757-899X/1226/1/012065

References

[1] Angel S., Parent J., Civco D.L., and Blei A.M., 2011, Policy Focus Report of Lincoln Institute
of Land Policy, https://www.lincolninst.edu/publications/policy-focus-reports/making-room-
planet-cities , (accessed on August 2021)

[2] Papadopoulos E., Aggelakakis A., Tromaras A., 2018, International conference on traffic and
transport engineering — ICTTE. Belgrade, Serbia, September 2018

[3] https://ec.europa.eu/commission/presscorner/detail/en/ MEMO_16_2497  (retrieved  August
2021)

[4] Malaud F., “Urban air mobility: Is this a different way of saying “aviation in cities”?”,
Unitingaviation, https://unitingaviation.com/news/safety/urban-air-mobility-is-this-a-different-
way-of-saying-aviation-in-cities/ (Accessed 9 March 2021)

[5] Galindo A., “Detect-and-Avoid (DAA): How Airborne Collision Avoidance Works”
https://www.irisonboard.com/detect-and-avoid-how-airborne-collision-avoidance-
works/#:~:text=However%2C%20the%20majority%200f%20manned,commonly%20flown%20
at%20low%20altitudes (Accessed 10 March 2021)

[6] Honeywell International Inc. “Autonomy and Avionics for Urban Air Mobility”
https://aerospace.honeywell.com/en/learn/products/navigation-and-radios/autonomy-and-
avionics-for-urban-air-mobility (Accessed 10 March 2021)

[7] Goodchild A, Toy J., 2018 Transportation Research Part D 61 58-67.

[8] Kirschstein T., 2020, Transportation Research Part D: Transport and Environment, volume 78,

[91 Zhang J., Campbell J.F., Sweeney D.C, Hupman A.C., 2021, Transportation Research Part D:
Transport and Environment, VVolume 90

[10] Uber Elevate, “Fast-forwarding to a Future of on-demand Urban Air Transportation”, October
27, 2016 https://evtol.news/ _media/PDFs/UberElevateWhitePaperOct2016.pdf

[11] https://www.indiatoday.in/auto/cars/story/cityairbus-flying-car-takes-off-at-maximum-weight-
of-2-310kg-flies-at-20m-altitude-1834663-2021-07-30 , accessed August, 2021.

[12] Zeng X.-H., Wang Q., Wang Q.-N. 2010, International Conference on Computer Application
and System Modeling, Proceedings, Volume 5, Pages VV5131-V5136

[13] Afonso F., Ferreira A., Ribeiro I., Lau F., Suleman A., 2021 Transportation Research Part D,
91.

[14] Maxonmotor.com/academy , retrieved on 5 May 2020

[15] Guzzella L., Sciarretta A,2007, Vehicle Propulsion Systems: Introduction to Modeling and
Optimization, Springer: Berlin, Germany

[16] Donateo T., Ficarella A., 2020, Aerospace, 7, 56

[17] Thiel C., Schmidt J., Van Zyl A., Schmid E., 2014, Transportation Research Part A, Vol. 63

[18] Donateo T., Ingrosso F., Licci F., Laforgia D., 2014 Journal of Power Sources, 270, pp. 487-
498.

[19] Donateo T., Licci F., D’Elia A., Colangelo G., Laforgia D., Ciancarelli F., 2015 Applied
Energy, 157, Pages 675687

[20] Ang B.W., Su B. 2016, Energy Policy, 94

[21] Cerdeira Bento J. P., Moutinho V., 2016 Renewable and Sustainable Energy Reviews, 55

[22] https://www.eea.europa.eu/ (accessed August 2021)

[23] Fontanas G., Pistikopoulos P., Samaras Z., 2008, Atmospheric Environment 42 4023-4035

[24] Pitanuwat S., Sripakagorn A., 2015 Energy Procedia 79, 1046-1053.


https://www.lincolninst.edu/publications/policy-focus-reports/making-room-planet-cities
https://www.lincolninst.edu/publications/policy-focus-reports/making-room-planet-cities
https://www.researchgate.net/profile/Efthymis-Papadopoulos-2
https://www.researchgate.net/profile/Aggelos-Aggelakakis
https://www.researchgate.net/profile/Alkiviadis-Tromaras
https://ec.europa.eu/commission/presscorner/detail/en/MEMO_16_2497
https://unitingaviation.com/news/safety/urban-air-mobility-is-this-a-different-way-of-saying-aviation-in-cities/
https://unitingaviation.com/news/safety/urban-air-mobility-is-this-a-different-way-of-saying-aviation-in-cities/
https://www.irisonboard.com/detect-and-avoid-how-airborne-collision-avoidance-works/#:~:text=However%2C%20the%20majority%20of%20manned,commonly%20flown%20at%20low%20altitudes
https://www.irisonboard.com/detect-and-avoid-how-airborne-collision-avoidance-works/#:~:text=However%2C%20the%20majority%20of%20manned,commonly%20flown%20at%20low%20altitudes
https://www.irisonboard.com/detect-and-avoid-how-airborne-collision-avoidance-works/#:~:text=However%2C%20the%20majority%20of%20manned,commonly%20flown%20at%20low%20altitudes
https://aerospace.honeywell.com/en/learn/products/navigation-and-radios/autonomy-and-avionics-for-urban-air-mobility
https://aerospace.honeywell.com/en/learn/products/navigation-and-radios/autonomy-and-avionics-for-urban-air-mobility
https://evtol.news/__media/PDFs/UberElevateWhitePaperOct2016.pdf
https://www.indiatoday.in/auto/cars/story/cityairbus-flying-car-takes-off-at-maximum-weight-of-2-310kg-flies-at-20m-altitude-1834663-2021-07-30
https://www.indiatoday.in/auto/cars/story/cityairbus-flying-car-takes-off-at-maximum-weight-of-2-310kg-flies-at-20m-altitude-1834663-2021-07-30

