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Abstract
Urban Air Mobility (UAM) is an evolving concept of passenger transportation providing on-demand flights within met-
ropolitan environments, wherefore typically fully electric vertical take-off and landing aircraft are designed. Due to the 
underlying battery energy constraints, the design of UAM aircraft is very sensitive. Apart from the design considerations, 
the impact of aircraft operations on the entire UAM transport network must be examined. As there is no data from real-world 
operations available, this research article utilizes a system of systems simulation framework combining aircraft design with 
an agent-based simulation. The underlying approach offers the possibility of studying several parameters concerning UAM 
aircraft design and operations. In a case study focused on intra-city transport, aircraft design aspects regarding the payload 
capacity, the mission profile, and the reserve requirement are studied for a multirotor configuration. Furthermore, the aircraft 
operations aspects are focused on the turnaround procedures, the passenger demand, and the cruise speed. The multi-level 
sensitivity analysis ranging from the subsystem over the system of interest to the system of systems level allows us to trace 
the most sensitive aspects. Especially, the sensitivity analysis of battery fast-charging and swapping shows the importance 
of the holistic system of systems investigations for the successful development of UAM aircraft and services.
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Abbreviations
ABS	� Agent-based simulation
AGL	� Above ground level
CONOPS	� Concept of operations
E	� Energy
EASA	� European Union Aviation Safety Agency
eVTOL	� Electric vertical take-off and landing
g	� Gravitational acceleration
ISA	� International standard atmosphere
MSL	� Mean sea level
MTOM	� Maximum take-off mass

n	� Number
PAX	� Passenger(s)
POB	� Person(s) on board
SoI	� System of interest
SoS	� System of systems
TLAR	� Top level aircraft requirement
UAM	� Urban Air Mobility
t	� Time
Vbe	� Best endurance speed
Vbr	� Best range speed
Vmax	� Maximum speed
VTOL	� Vertical take-off and landing
w	� Weightage

1  Introduction

Urban Air Mobility (UAM) is an upcoming mode of trans-
port promising on-demand aviation within congested city 
areas. Although the fundamental concept of urban air taxi 
transport has already existed several decades before, as 
summarized and contrasted by Vascik [1], the ride-share 
and transportation services company Uber pushed the 
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development towards scalable on-demand aviation by the 
release of their white paper on their subsidiary Uber Ele-
vate in 2016 [2]. The increased attention of established as 
well as startup aviation companies and aircraft manufac-
turers, but also research and academia resulted in an enor-
mous amount of Vertical Take-Off and Landing (VTOL) 
aircraft concepts for UAM operations. The utilization 
of distributed electric propulsion enables a large design 
space for different hybrid- or all-electric VTOL (eVTOL) 
aircraft configurations, with a large share of all-electric 
concepts in the emerging industry. Here, winged configu-
rations, e.g. vectored thrust and lift + cruise, as well as 
wingless configurations, e.g. multirotor and helicopter, 
are proposed for different use cases [3]. Basically, the use 
cases range from short-range airport shuttle and intra-city 
to longer-range sub-urban and megacity missions [4]. The 
evolving UAM industry mainly targets the entry into ser-
vice and initial operations within the next few years, i.e. 
approximately around the year 2025.

Generally, the design of eVTOL aircraft is particularly 
sensitive due to the underlying battery technology con-
straints, where the mission profile also has a major influence 
[5]. Therefore, both design and operational aspects must 
be thoroughly considered to develop well-sized eVTOL 
aircraft. Besides influencing the eVTOL aircraft configu-
ration selection due to their vastly different performance 
characteristics, this implies that the Concept of Operations 
(CONOPS), i.e. the plan of how a system should function 
in operational application, must be carefully defined and 
investigated during the design process (for a comprehen-
sive definition of CONOPS, the reader is referred to [6]). 
In that context, considering a fleet of multiple aircraft in 
their operational environment, different operational aspects, 
e.g. flight or turnaround procedures, may not only have an 
impact on each constituent aircraft but also on the entire 
UAM transport network.

Accordingly, the objective of this study is to analyze 
the sensitivity of several parameters regarding UAM air-
craft design (i.e. payload capacity, mission profile, reserve 
requirement) and operations (i.e. passenger demand, turna-
round procedure, cruise speed). Hence, a case study is con-
ducted, which considers an initial assumed UAM scenario 
for the City of Hamburg, Germany. As there is no data from 
real-world operations available yet, conceptual aircraft 
design methods are coupled with a fleet operations simula-
tion to investigate UAM aircraft design and operations. The 
coupling of both methods not only allows for the model-
ling of the vehicles’ flight performance but also their energy 
performance and battery management, the latter of which is 
critical for highly energy-limited electric aircraft. By this 
approach of modelling the sized aircraft in the fleet opera-
tions simulation, evaluations can be performed at the UAM 
transport system level. For the purpose of our research, 

UAM is considered as a complex System of Systems (SoS), 
which will be explained in the following chapter.

The presented work is related to the HorizonUAM 
research project at the German Aerospace Center (DLR). An 
overview of the project is provided by Schuchardt et al. [7].

This article is structured as follows: subsequent to this 
introductory Chapter 1, Chapter 2 explains the framework 
for the SoS approach, including eVTOL aircraft design con-
siderations and simulation implementations. Further on, 
Chapter 3 introduces the case study with all assumptions 
and parameters, after which Chapter 4 provides results and 
discussions for the sensitivity analysis. Finally, Chapter 5 
concludes the article and presents upcoming future work.

2 � System of systems framework

Generally, an SoS can be defined as a “set of systems or 
system elements that interact to provide a unique capability 
that none of the constituent systems... can accomplish on its 
own” [8]. It can further be elaborated to have typical charac-
teristics such as operational and managerial independence, 
geographical distribution, emergent behavior, evolutionary 
development and heterogeneity of constituent systems [9, 
10].

With regard to UAM, the SoS consists of several constitu-
ent systems, e.g. aircraft, vertiports, air traffic management, 
etc., whereas the System of Interest (SoI) focused in this 
study is the aircraft and its associated technologies. Conse-
quently, an SoS simulation offers the possibility of studying 
several aspects of UAM aircraft design and operations before 
the deployment of UAM transport services. An Agent-Based 
Simulation (ABS) was chosen as it enables the explicit 
modelling of the various stakeholders involved in an SoS 
and their interactions, which subsequently eases investiga-
tive studies of the model’s governing parameters and logic. 
Moreover, with an ABS, the data exchange between stake-
holders can be clearly represented, and a rule-based logic 
definition employed. This comprehensive SoS approach also 
allows for a multi-level sensitivity analysis ranging from the 
subsystem over the SoI to the SoS level. Thereby, the most 
sensitive parameters can be traced and can also be allocated 
to a specific level. An overview of the applied framework 
for SoS analyses in the field of UAM is depicted in Fig. 1. 
It should be noted that this study does not focus on all the 
possible fields of research to which the framework can be 
applied to. Therefore, dashed lines represent momentarily, 
i.e. for the scope of this study, unused or future fields. To 
elaborate with respect to the ABS: in this study the focus is 
placed on the vehicle operator, therefore, limited modelling 
of the enabling stakeholders such as vertiport and air traffic 
management are considered. In future studies, more explicit 
modelling of the other stakeholders will be employed.
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Several simulation-driven investigations have been car-
ried out in the literature with a focus on different aspects of 
UAM operations. The airside operations at the vertidrome 
were investigated and a performance assessment concept 
proposed [11]. In addition, a comparison of ground trans-
port and air transport through UAM was made in terms 
of travel time savings [12]. Several demand-focused stud-
ies have also been carried to investigate the attractiveness 
of UAM based on different factors [13–15]. However, to 
the authors knowledge, simulations for the purpose of air-
craft design and fleet evaluation are limited in literature. 
A similar approach compared to this framework has been 
proposed by Patterson et al. [16] consisting of three phases: 
defining mission requirements, designing an aircraft for the 
missions, and simulating the UAM transport network, with 
feedback iteratively propagated through each of the three 
phases. Initial investigations deploying the aforementioned 
three-phase approach are carried out by Kohlman et al. [17]. 
While Patterson et al. [16] focus on defining the mission 
requirements, Kohlman et al. [17] carry out conceptual siz-
ing and simulation of the UAM network. In comparison, this 
study applies the mission requirements with the aid of the 
use case definitions from [4] and the main focus is placed 
on conceptual UAM aircraft design and the SoS simulation 
of the UAM transport system. Here, emphasis is placed on 
capturing aircraft design and operational considerations, 
fleet assessment, and the propagation of subsystem as well 
as SoI level parameters to the SoS level.

The initial explorations of the aircraft architecture design 
parameters and operational considerations using this SoS 
simulation framework were carried out in [18], where we 
have carried out several sensitivity studies to understand 

their impacts on the SoS. Among other parameters, we have 
investigated different flight speeds, seating capacities and 
overall technology scenarios for various UAM aircraft con-
figurations. Following this initial exploration, the SoS simu-
lation framework was utilized to explore in more detail the 
different UAM aircraft configurations and powertrain archi-
tectures for different scenarios and use cases [19]. Herein, 
different battery technology levels were investigated by sen-
sitivity studies. Furthermore, it was extended for life cycle 
assessment of UAM operations [20]. These studies are also 
indicated and referred to in Fig. 1, where they can be found 
in their respective field of research.

In addition, a very similar framework was implemented 
on a vastly different application: the aerial suppression of 
wildfires, where several design variables associated with the 
aerial suppression vehicles were explored to investigate their 
impacts on the SoS level parameters [21].

The required framework components, i.e. aircraft design 
and simulation, will be explained in the following sections.

2.1 � Aircraft design

The eVTOL aircraft configuration taken into consideration 
for this case study is a multirotor vehicle. This particular 
configuration is often proposed by several UAM aircraft 
designers. For example, the startup companies EHang and 
Volocopter are both working on multirotor vehicles for 
urban passenger transport [22, 23]. Since this case study 
also focusses on urban transport use cases for an initial UAM 
scenario, the sensitivities regarding the design and opera-
tions of this specific eVTOL aircraft configuration may be 
of interest and will be examined throughout this article.

Fig. 1   System of systems simulation framework for aircraft design and operations assessment based on [18–20]
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2.1.1 � Top‑level aircraft requirements

The Top Level Aircraft Requirements (TLARs) consist of 
mission as well as aircraft-specific requirements and will be 
explained in the following.

Regarding the sizing mission it should be noted that sev-
eral considerations are made to ensure a fairly wide opera-
tional envelope for the eVTOL aircraft despite adverse 
weather conditions. Accordingly, high and hot atmosphere 
as well as headwind are modelled in the sizing mission, even 
though these sizing conditions will not be considered in the 
subsequently executed ABS, where standard conditions are 
assumed (see Chapter 3).

Overall, only a relatively short operating range of 30 km 
is required for airport shuttle and intra-city operations for 
this case study (see Sect. 3.1). The departure and arrival 
vertiports are situated at 2000 ft above Mean Sea Level 
(MSL), whereas International Standard Atmosphere (ISA) 
conditions at a temperature offset of plus 20 K is assumed. 
Furthermore, a constant headwind of 30 km/h is present dur-
ing all forward flight segments. After an initial startup time 
of 30 s, the vehicle climbs vertically at a rate of 100 fpm to 
50 ft Above Ground Level (AGL). Thereafter, it transitions 
to forward flight at a constant acceleration of 0.2 g. The sub-
sequent cruise climb is performed at a vertical climb rate of 
750 fpm and best endurance speed Vbe until the cruising alti-
tude is reached at 1500 ft AGL. During cruising flight, the 
aircraft flies at its best range speed Vbr. The sizing mission 
does also accounts for a reserve segment; however, it does 
not include cruise descent. Eventually, the mission profile 
terminates in the inverse order with regard to its start.

The two considered sizing mission profiles for a single-
flight mission and a multi-flight mission are shown in Figs. 2 
and 3, respectively. Basically, the multi-flight mission profile 
does account for two legs or one stop, within the required 
operating range of 30 km.

There are two different reserve requirements assumed for 
the purpose of this study. As an alternative to the standard 
20-min loiter segment at Vbe, we also propose a direct diver-
sion segment performed at Vbr. Based on the case study (see 
Sect. 3.1), the diversion distance is set to 10 km. Since the 
operating range is simply extended by the diversion distance, 
the headwind is also present during the diversion segment.

Considering the aircraft-specific requirements, two differ-
ent payload capacities are investigated in this study. These 
are 2 and 4 Persons On Board (POB), whereas the mass 
per person is assumed to be 110 kg to make airport shuttle 
operations with heavy luggage feasible. While the vehicle is 
designed for autonomous operations, in the case of piloted 
operations, the pilot occupies one of the available seats, 
which reduces the actual Passenger (PAX) capacity. Hence, 
the terms 2 POB and 4 POB must not be mistaken for 2 PAX 
and 4 PAX, but are rather equivalent to 2-seater and 4-seater.

2.1.1.1  Sizing procedure and  considerations  The underly-
ing conceptual aircraft design methodology has been intro-
duced prior to this study in [19] and is extensively docu-
mented in [24]. This involves methods from textbooks for 
aerodynamics, performance, weights, and sizing, which are 
implemented in a Python tool. The tool is run with a list of 
inputs consisting of cabin, mission, and rotor parameters. 
While cabin and mission inputs are derived directly from 
the TLARs from Sect. 2.1.1, the rotor sizing inputs are pre-
sented subsequently.

For the aircraft design tool existing sizing and per-
formance methodologies for conceptual eVTOL design 
from [25, 26] are brought together and extended. Therein, 
momentum theory, as described by Leishman [27], is uti-
lized for the rotor performance computations. Furthermore, 
the airframe component weight estimations refer to Prouty 
[28] and Roskam [29] The powertrain is sized based on the 
efficiency and specific power as well as specific energy of 
the respective powertrain component, as explained in [19, 
30]. In modelling the battery, a simplified constant discharge 
behavior is assumed by applying an appropriate maximum 
depth of discharge of 80% to avoid non-linear areas where 
the available power is limited. The flight performance com-
putations account for an induced power correction factor of 
1.2 as used in [26, 27]. Moreover, the battery performance 
is subject to a combined powertrain efficiency of about 0.87 
as modeled for an all-electric powertrain architecture in [19, 
30].

With regard to a near-term scenario around the year 2025, 
fairly optimistic battery technology assumptions are made 
on pack level (see Table 1). The impact of future battery 
technology on aircraft design and operations have been ana-
lyzed in previous studies [18, 19]. In this study, the assump-
tions for battery technology are considered fixed, which we 

2,000 ft above MSL (ISA+20K)

Operating range of 30 km at 1,500 ft AGL

Fig. 2   Single-flight mission profile

2,000 ft above MSL (ISA+20K)

Operating range of 30 km at 1,500 ft AGL

Fig. 3   Multi-flight mission profile
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believe is appropriate for the near-term outlook of the sce-
nario under consideration.

Furthermore, the rotor sizing inputs are summarized 
in Table 2. To limit the maximum footprint of the differ-
ent multirotor design outputs, a geometric constraint is 
imposed on the rotor diameter. For flight control purposes, 
it is assumed that the aircraft relies on rotor speed control.

Based on the aforementioned mission requirements and 
rotor inputs, the sizing procedure consists of a common 

aircraft sizing loop that terminates as soon as the Maximum 
Take-Off Mass (MTOM) is converged. More details on the 
sizing loop can be found in [19, 24].

As per further sizing considerations, the vehicle must be 
certifiable according to the special condition for small-cat-
egory VTOL aircraft [31], which is issued by the European 
Union Aviation Safety Agency (EASA). Thus, an MTOM of 
3175 kg must not be exceeded. Moreover, the powertrain is 
sized for a failure of up to 2 rotors and the airframe weight 
estimations account for a load factor of 3.5.

Finally, the performance of the resulting aircraft design 
output is computed and provided to the simulation, while 
considering the case study parameters, which will be 
introduced in Sect. 3.1 (note that the case study mission 
setup differs from the before used sizing mission in terms 
of weather conditions). Overall, the performance accounts 
for all possible load factors and mission segments. Further-
more, the reserve energy must not be utilized during normal 
operations.

2.2 � Agent‑based simulation

The ABS of UAM used in this study is powered by the DLR 
in-house simulation toolkit [32]. Figure 4 provides an over-
view of the related models. The ABS is composed of the 
Demand Model, the Agent Model and the additional classes 
and methods defined for the additionally implemented fea-
tures. Two demand models are defined in the ABS. In this 
study, the Parametric Demand model is used with assumed 
demand distributions at each vertiport. The Agent Model is 

Table 1   Battery pack technology assumptions

Parameter Value

Specific energy (Wh/kg) 250
Specific power (W/kg) 750
Maximum depth of discharge (%) 80

Table 2   Rotor sizing inputs

Parameter Value

Number of rotors 18
Number of rotor blades 2
Total disk loading (N/m2) ≤240
Rotor diameter (m) ≤2.3
Rotor solidity 0.1
Blade zero-lift drag coefficient 0.01
Blade tip Mach number ≤0.7
Blade mean lift coefficient ≤0.55

Fig. 4   Overview of the agent-
based simulation [18]
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composed of three types of agents. Namely the aircraft agent 
which performs the missions, the dispatcher agent which 
assigns and dispatches the flights and the vertiport manager 
agent which tracks and limits the number of agents at the 
vertiport.

2.2.1 � Demand model

In this study, the Parametric Demand Model is used to gen-
erate the demand. Assumed inflow and outflow demand 
distributions are used at each vertiport. The demand is gen-
erated in accordance with the given outflow and inflow dis-
tributions in Fig. 6 as follows: In each iteration of the simu-
lation, the outflow demand magnitude at a given vertiport 
is accessed based on the current time, and converted into a 
probability of demand generation per time step. This value is 
compared against a chance value chosen by a seeded random 
number generator, if the chance value exceeds the probabil-
ity, an outgoing passenger is defined at that vertiport. To 
select the passenger’s destination, the inflow magnitude at 
each of the other vertiports are evaluated at the current time, 
and a weighted choice selection is made based on the inflow 
magnitudes. This process is repeated for each vertiport in 
the simulation, in each iteration of the simulation. A more 
in-depth description of the demand generation logic can be 
found in [18, 19].

2.2.2 � Agent model

On the generation of each demand by the Demand Model, the 
Dispatcher Agent is tasked with assigning the generated demand 
to an Aircraft Agent. The selection of the Aircraft Agent is done 
through a bidding process where the bid takes the form:

where:

The bid composed of three factors each multiplied by 
weights to model the dispatch priorities. These priorities are:

1.	 Maximize the load factor (w1 = 10)
2.	 Minimize wait time for passengers (w2 =  − 1)
3.	 Prioritize aircraft with higher states of charge (w3 = 0.1)

(1)

bid = w1 ⋅
nassigned passengers

npassenger capacity
+ w2 ⋅

tmission completion

tlongest route

+ w3 ⋅
Eavailable

Ebattery capacity
,

w1 = 10,

w2 = −1,

w3 = 0.1.

Each factor in the bid equation is normalized and then 
multiplied by a weight factor set with an order of mag-
nitude difference to model the set priorities. Once the 
demand is generated the Dispatcher Agent calls on all 
the Aircraft Agents to submit a bid for the demand and 
selects the agent with the highest bid. The mission is then 
allocated to one of the two available mission slots of the 
bid-winning Aircraft Agent, following the logic given 
in Fig. 5. In brief, the dispatcher attempts to assign the 
demand to the first viable mission slot. A key aspect of 
the model is that multiple passengers can be assigned to 
the same mission if seats are available and if the origin-
destination pairs are suitable. This means that the load 
factor achieved by an aircraft is dependent on the demand 
model, i.e. the full capacity utilization can be achieved 
only if sufficient demand exists for that mission in that 
time span. It is also considered that the passenger waits 
for their assigned mission regardless of the wait time.

In this study, a change to the mission assignment logic 
is implemented as compared to previous studies [18, 19]. 
Namely, if the next mission slot is the only free slot, 
and if a deadhead mission is required for the demand 
to be assigned, then the demand is not assigned instead 
of dispatching a deadhead flight as in previous studies 
(highlighted in red in Fig. 5). In this case, as the demand 
is not assigned, it is open for bid in subsequent itera-
tions of the simulation until it is successfully assigned 
to an Aircraft Agent. This change was implemented to 
reduce the number of deadhead flights dispatched as the 
previous modelling resulted in superfluous dispatch of 
deadhead flights at the lower fleet sizes when the fleet is 
not sufficient to serve the demand. However, the viable 
fleet sizes in terms of SoS effectiveness are observed to 
be similar for both the models, as well as the SoS effec-
tiveness for the greater fleet sizes. The sensitivities of 
the ABS, beyond the results presented in this study, can 
be found in a previous study [18].

3 � Case study

To carry out the sensitivity analyses of selected aircraft 
design and operational parameters posed in this research 
article, a case study is conducted. The setup and limitations 
will be explained in the following sections.

3.1 � Setup

The exemplary use case of Hamburg is set up as in previous 
studies [18–20] with the assumed vertiport locations and 
demand distributions as given in Fig. 6. Here, the outflow 
demand is depicted in solid color and the inflow demand is 



827Sensitivity analysis of urban air mobility aircraft design and operations including battery…

depicted with no fill. In future studies, the vertiport loca-
tions and the demand distributions will be updated based 
on market and demand projections, city topography, travel 
patterns and other considerations. In this study, as in the 
previous studies, the infrastructure and demand definitions 
are assumed to conduct the sensitivity analyses.

The maximum mission distance in this use case is approx-
imately 25 km, whereas the average mission distance is 
approximately 15 km. Therefore, the operating range of the 
sizing mission allows for a 20% additional range compared 
to the maximum mission distance. Besides, the multi-flight 
mission profile reasonably matches the average mission 
distance.

Fig. 5   Mission allocation logic 
based on [18] and modified as 
depicted in red

Fig. 6   Assumed UAM use case 
in Hamburg, Germany [18–20]
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Operations in the near term for a time frame around 
the year 2025 are considered with both the airport shuttle 
and intra-city use cases merged together [4]. This scenario 
assumption is based on the projected entry into service 
from the evolving industry.

The revenue flights are assumed to be piloted whereas 
the deadhead f lights are considered to be pilotless, 
although pilot availability is not considered.

Further details of the case study parameters and the 
sensitivity analysis parameters are presented in Tables 3 
and 4, respectively. Note that the baseline values are 
underlined.

The varied design parameters in terms of TLARs have 
already been explained in Sect. 2.1.1. Together with addi-
tional parameters for aircraft operations, all varied sensitiv-
ity analysis parameters are summarized in Table 4. For each 
operational aspect, three varying parameters are analyzed 
using the ABS.

First, three vastly different turnaround procedures are 
studied, where battery charging, battery fast-charging 
and swapping are compared. In the ABS, the batteries are 
charged at a constant power until sufficient energy is avail-
able for the next mission of the aircraft. Due to the previ-
ously defined maximum depth of discharge of 80% for the 
battery (see Table 1), the charging behavior can be modeled 
as linear. The constant charging power is determined by the 
assumed C-rate, whereas the time to fully charge the bat-
tery is the reciprocal of the C-rate and is given in brackets. 
Alternatively, battery swapping is taken into considerations. 
In the ABS, the batteries are only swapped, if the remaining 
energy is not sufficient for the next mission of the aircraft 
or if the  next mission has not yet been assigned when the 
aircraft lands. A fixed duration of 5 min is assumed for bat-
tery swapping.

Next, three different scenarios are set up, since the pas-
senger demand is difficult to predict and may be varying 
for different weekdays, for example. The passenger demand 
assumptions are related to the total number of passengers 
per day.

Finally, the impact of three slightly different cruise speeds 
is also studied. The cruise speeds are related to Vbr and the 
maximum speed Vmax of the aircraft. It should be noted that, 
compared to the sizing mission, the aircraft fly at a constant 
forward flight speed in the ABS (see Sect. 2.1). Therefore, 
Vmax is typically determined by the cruise climb segment, 
where usually a higher power compared to the other mission 
segments is required.

3.2 � Limitations

This study is a continuation of the initial series of investiga-
tions carried out for the UAM case study by the authors. 
Extended considerations regarding aircraft design criteria 
and operational scenarios are investigated to identify key 
trends and sensitive parameters. Due to the limited infor-
mation on UAM aircraft specifications, market and opera-
tions several assumptions are made resulting in the following 
limitations.

Regarding the aircraft design, we utilize a tool for ini-
tial sizing, mass, and performance calculations based on 
handbook methods for conventional aircraft and rotorcraft. 
Due to the current lack of real-world data for comparable 
eVTOL aircraft configurations, the implemented models 
may over- or underestimate certain aspects of the aircraft 
design results, e.g. the airframe mass estimation. Further-
more, it should be noted that the battery swapping capability 
was assumed to have no impact on the vehicle design, but 
only on the turnaround times. This is obviously a simplifica-
tion considering the early conceptual design stage.

Homogenous fleets are assumed, where each aircraft 
agent is of the same type and characteristics. The authors 

Table 3   Fixed case study parameters

Parameter Value

Scenario
   Time frame Near future (around the year 2025)
   Location City of Hamburg, Germany
   Use case Airport shuttle

Intra-city
   Flight guidance Piloted revenue flights

Autonomous deadhead flights
   Ambient atmosphere ISA, calm
   Aircraft configuration Multirotor

Table 4   Varied sensitivity analysis parameters for aircraft design and 
operations with underlined baseline values

Parameter Value

Design
   Payload capacity 2 POB (220 kg)

4 POB (440 kg)
   Mission profile Single-flight

Multi-flight
   Reserve requirement 20-min loiter

10-km diversion
Operations

   Turnaround procedure Charging at 0.5 C (120 min)
Fast-charging at 2 C (30 min)
Swapping (5 min)

   Passenger demand 1000 PAX per day (low)
1500 PAX per day (mid)
2000 PAX per day (high)

   Cruise speed 0.9 Vbr
Vbr
Vmax
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recognize that heterogenous fleets may provide signifi-
cant enhancements to the SoS effectiveness, however this 
requires further improvements to the dispatch logic and 
will be considered in future studies.

The revenue flights are assumed to be piloted whereas 
the deadhead flights are assumed to be pilotless, however 
the balancing of the pilots is not considered. It is assumed 
that a pilot is always on-site and available when needed. 
The movement of pilots between vertiports, or aircraft are 
also not considered.

The framework assumes pseudo passenger demand and 
unlimited vertiport landing pads and parking/gate capacity.

The UAM passenger demand can be included in future 
investigations after a comprehensive market study is avail-
able in literature. The limits to vertiport landing pads and 
parking/gate capacity will be considered in future work 
through improvements to the dispatching of deadhead 
flights. If the vertiport / gate capacity limitations were 
considered, the number of deadhead flights needed may 
increase as reallocation of vehicles would not only be due 
to the passenger demand (as in the current model), but also 
due to the parking limitations at the vertiports. In addi-
tion, if the limitation on the number of available landing 
pads was considered, it would become a limiting factor 
in the network particularly during peak hours. However, 
by ensuring the adequate sizing of the number of landing 
and takeoff pads at vertiports, this issue can be alleviated.

In this work, the assumption is made that the passengers 
await the assigned flight regardless of how long the delay 
may be. While this assumption represents a limitation in 
the approach, the goal of the authors is to identify the 
vehicle and fleet which can transport the assumed demand 
effectively, especially considering the waiting time experi-
enced by the passengers. Therefore, only the cases result-
ing in more than 80% of all passengers experiencing a 
wait time of under 15 min are identified and discussed in 
Chapter 4.

Simple direct flight trajectories are assumed between 
vertiports. Ideally, trajectories should be modelled con-
sidering important factors such as noise disturbance and 
airspace clearance.

Moreover, it is worth to note that the framework used 
in this study is under continuous development and future 
studies will involve incremental improvements.

4 � Results and discussions

Before the results are presented and discussed, the evalua-
tion parameters or measures of effectiveness for the UAM 
transport system utilized in this study are summarized 
below:

Fleet size  = Total number of 
aircraft simulated as a 
homogeneous fleet

[count]

Revenue passengers  = Total number of pas-
sengers transported

[count]

Revenue flights  = Total number of pas-
senger flights

[count]

Successful missions  = Percentage of passen-
gers transported within 
a maximum wait time 
of 15 min

[%]

Deadhead ratio  = Ratio of deadhead 
flights to total flights

[–]

Load factor  = Average load factor of 
all revenue and dead-
head flights (excluding 
the pilot)

[–]

Total fleet energy  = Total electric energy 
used by the fleet not 
considering charging 
losses

[kWh]

Energy per PAX-km  = Electric energy used 
by the aircraft per km 
accounting for the load 
factor

[kWh/PAX/km]

Hereinafter, the following sections will address the 
parameter sensitivities with regard to UAM aircraft design 
and operations, as introduced before.

4.1 � Aircraft design parameter sensitivities

The subsequent results focus on UAM aircraft design, where 
the sensitivities regarding payload capacity, mission profile, 
and reserve requirement will be presented. An excerpt of 
the aircraft design results is included in the Appendix (see 
Table 5).

Generally, from the SoI perspective, it can be stated that 
all multirotor design outputs result in an MTOM that satis-
fies the EASA certification requirement (see Sect. 2.1.2). 
The Appendix provides an extract of the SoI results for this 
case study. The highest MTOM results in the case of the 
multirotor subject to the most demanding requirements, i.e. 
4 POB, multi-flight mission profile, and 20-min loiter. Here, 
the MTOM converges at 1828 kg.

It must also be considered that the required charging 
power increases drastically for the heavy aircraft design out-
puts, which is a result of the heavier, thus higher capacity 
battery. Battery fast-charging, which is assumed at a C-rate 
of 2, for the heaviest and previously mentioned design output 
requires a charging power of about 446 kW at the charging 
point if an efficiency of 0.9 is applied. The lightest of the 
4 POB aircraft needs a charging power of approximately 
189 kW. In contrast, the 2 POB aircraft design outputs only 
require charging powers in the range of 82–118 kW for the 
same battery charging assumptions.
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4.1.1 � Payload capacity

Regarding the SoI results, it is found that doubling 
the payload capacity from 2 POB (220  kg) to 4 POB 
(440 kg) leads to about 2.24 times higher MTOM (2 POB: 
MTOM = 666 kg and 4 POB: MTOM = 1490 kg). Conse-
quently, the larger and heavier multirotor cruises at a 25% 
higher Vbr of approximately 100 km/h. Also, the cruise effi-
ciency (product of aircraft weight and speed divided by the 
required battery power) of the 4 POB variant is reduced 
from 3.54 to 2.66, which is approximately 33%. This is due 
to the increased MTOM, which is a result of the comparably 
low cruise efficiency of this eVTOL configuration and its 
sensitivity regarding the battery-specific energy constraints. 
The cruise efficiency may be increased by improvements to 
the multirotor design inputs, e.g. rotor sizing and battery 
design, or by deploying a winged, thus more cruise-efficient 
eVTOL configuration, whereas the hover performance must 
not be neglected and is regarded in the following. Since the 
rotor diameter is limited to a maximum value of 2.3 m in 
the aircraft design process, the heavy design outputs, e.g. 
4 POB aircraft variants, typically converge at this prede-
fined rotor diameter constraint. Therefore, the disk load-
ing of the respective aircraft increases, which consequently 
diminishes the hover or vertical flight efficiency. Hence, 
the overall aircraft performance is reduced in case of heavy 
design outputs.

The SoS perspective, provided in Fig. 7, shows that the 
number of revenue flights required to serve the same demand 
is approximately 50% less for the larger aircraft, nonetheless, 
it requires about 34% more energy on a fleet level, which 
is due to the previously discussed SoI results. Although 
the available seats are increased by a factor of 3 by the 4 
POB aircraft over the 2 POB aircraft (after accounting for 
the pilot), a proportional reduction of revenue flights is not 
observed as the 4 POB aircraft are not always operated at full 
occupancy. Rather, a middle ground is observed correspond-
ing to the actually achieved load factor of 0.64, as opposed 
to the load factor of 1 achieved by the 2 POB aircraft (only 
a single passenger seat available). Similar observations can 
be made for the energy per PAX-km that accounts for the 
load factor, resulting in an energy per PAX-km that is con-
siderably higher for the 4 POB aircraft fleet. With regard to 
the required fleet size for reasonable SoS effectiveness, 24 
of the larger 4 POB aircraft are needed. Compared to a fleet 
of 57 smaller 2 POB aircraft, the fleet size can be reduced 
by about 58%.

4.1.2 � Mission profile

Two different sizing mission profiles, as previously shown 
in Figs. 2 and 3, were investigated for their impact on 
the SoI performance and SoS effectiveness. For the SoI 

sensitivities it is found that the additional stop of the multi-
flight mission profile leads to a slightly higher MTOM of 
703 kg for the 2 POB payload capacity. This is a differ-
ence of only 37 kg or approximately 5% compared to the 
single-flight mission profile and is intended so that more 
battery energy for the additional stop is available. There-
fore, the cruise efficiency and overall aircraft performance 
are very similar. However, the 4 POB aircraft is more sensi-
tive to this change of the sizing mission profile, which can 
be observed by the increase of MTOM from 1490 kg for 
the single-flight compared to 1828 kg for the multi-flight 
mission profile. This clear increase of MTOM is due to the 
same reasons regarding efficiency and battery constraints 
as discussed for the sensitivity of payload capacity (see 
Sect. 4.1.1). As a consequence, the aircraft performance of 
the 4 POB aircraft, which is sized for the multi-flight mis-
sion profile, is reduced.

The SoS results are shown in Fig. 8. No discernible dif-
ferences in the passenger carrying capacity are observed 
for both mission profiles, whereas for the fleet of smaller 2 
POB aircraft an increase of successful missions (4–10%) is 
seen for the multi-flight over the single-flight mission pro-
file, as it was intended. However, this performance increase 
also results in a higher total fleet energy usage of 8% for 
the smaller 2 POB aircraft fleet. For the larger 4 POB air-
craft fleet, the energy usage is significantly higher (increase 
of 35%) for the multi-flight sizing, whereas no significant 
impact on the SoS effectiveness is observed. Consequently, 

Fig. 7   Payload capacity sensitivity
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the larger 4 POB aircraft should rather be sized considering 
the single-flight mission profile.

4.1.3 � Reserve requirement

Different reserve requirements, i.e. 20-min loiter and 10-km 
diversion, are studied with regard to the aircraft design sen-
sitivities. The SoI level analysis reveals that the assumed 
use case-specific reserve requirement reduces the MTOM of 
the 2 POB aircraft from 666 to 619 kg, which is the lightest 
MTOM of all the design outputs. Similarly, the MTOM of 
the 4 POB aircraft is reduced from 1490 kg to only 1167 kg, 
which is a reduction of approximately 22%. As a conse-
quence, the aircraft performance is reduced for the heavier 
aircraft, of course.

The impact of reserve requirement on the SoS effective-
ness is subtle as is shown in Fig. 9. The revenue passenger 
carrying capacity is nearly unaffected and minor differ-
ences can be observed in the successful missions due to 
changes in reserve requirement for the mid fleet sizes. Here, 
it is observed that the 20-min loiter requirement for the 
reserve gives subtle improvements over the 10-km diver-
sion requirement. This behavior might be due to the 20-min 
loiter requirement resulting in a heavier vehicle with a 
higher best range speed and a slightly greater battery capac-
ity available for the missions. This minor increase in best 
range speed, which is used as cruise speed, might give slight 

improvements to the SoS effectiveness, however, results in 
a significant increase in energy usage of approximately 
40% for the 4 POB aircraft fleet and an approximately 10% 
increase for the 2 POB aircraft fleet.

4.2 � Aircraft operations parameter sensitivities

The following results focus on different UAM aircraft 
operations, where the sensitivities with regard to turna-
round procedure, passenger demand and cruise speed will 
be provided.

4.2.1 � Turnaround procedure

The effect of the turnaround procedures on the SoS effective-
ness is shown in Fig. 10. The charging at 0.5 C (full charge 
in 120 min) reduces fleet effectiveness significantly in terms 
of passenger carrying capacity and successful missions com-
pared to fast-charging and battery swapping. The differences 
in battery swapping and fast charging (full charge in 30 min) 
is less drastic but yet still significant for the fleet of aircraft 
with 2 POB. The successful missions are more sensitive to 
this change than the passenger carrying capacity. For the 
fleet of smaller aircraft, the change from battery swapping 
to fast charging will require an increase of fleet size by 18% 
for similar successful missions (approximately 85%). Lastly, 
the difference between battery swapping and fast-charging 

Fig. 8   Mission profile sensitivity
Fig. 9   Reserve requirement sensitivity
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is almost negligible for the fleet consisting of 4 POB aircraft 
with the fleets reaching highly successful missions at the 
same fleet size.

4.2.2 � Passenger demand

The ability of different fleet and aircraft sizes to cater 
to changes in passenger demand is investigated and its 
impacts on the SoS effectiveness are given in Fig. 11. For 
the fleet of smaller 2 POB aircraft an increase of 50% in 
the demand necessitates a fleet size increase of 35% (from 
42 to 57 aircraft) to achieve similar SoS effectiveness. 
Similarly, for the fleet of larger aircraft with 4 POB, an 
increase in demand of 50% only necessitates an increase 
of fleet size of approximately 29% (from 21 to 27 aircraft). 
Considering the number of flights required to serve the 
demand, a 50% increase in demand results in a proportional 
increase in revenue flights for the 2 POB aircraft fleet due 
to the aircraft having only a single passenger seat, whereas 
only a 30–40% increase in revenue flights is observed for 
the 4 POB aircraft fleet because the remaining demand 
delta is served by a higher capacity utilization of those 
revenue flights. This shows that fleets composed of larger 
aircraft are more capable of handling increases in passen-
ger demand as they can carry multiple passengers in the 
same trip.

4.2.3 � Cruise speed

Lastly, we investigate the sensitivity of the cruise speed 
on the SoS effectiveness shown in Fig. 12. The same air-
craft is flown at three different speeds, namely 0.9 Vbr, Vbr, 

Fig. 10   Turnaround procedure sensitivity Fig. 11   Passenger demand sensitivity

Fig. 12   Cruise speed sensitivity
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and Vmax of the aircraft. Flying at higher speeds slightly 
improves the passenger carrying capacity. The impact on 
the successful missions is more significant with the change 
in cruise speed with a 10% difference observed between Vbr 
and Vmax even at the highest fleet size considered. This dif-
ference is tied to the 15-min target wait time criteria used 
for the evaluation of a successful mission and the distance 
between vertiports. The maximum distance between any 
two vertiports in the setup used in this study is 25 km, 
this means that for the baseline aircraft shown here, this 
mission would be flown in 20, 18.5, and 15.5 min for 0.9 
Vbr, Vbr, and Vmax, respectively. This maximum distance 
cannot be flown in the set target wait time, meaning that 
if a deadhead flight was needed between this maximum 
distance route to pick up a passenger, then this mission 
would be counted as a failure. This issue can be alleviated 
by having larger fleets and it is expected that a large enough 
fleet will result in 100% mission success even for a fleet at 
a cruise speed of 0.9 Vbr. The improved SoS effectiveness 
at higher cruise speeds comes with a tradeoff of energy 
usage, namely the 10% increase in SoS effectiveness costs 
4% more in fleet energy usage.

5 � Conclusions and future work

In this research article, a sensitivity analysis of UAM aircraft 
design and operations was conducted in the context of a case 
study. With regard to aircraft design, the payload capacity, 
the mission profile, and the reserve requirement were exam-
ined. Furthermore, the aircraft operations analyses consid-
ered the turnaround procedure, the passenger demand, and 
the cruise speed.

For this assumed case study, several homogeneous mul-
tirotor fleets were designed and operated for airport shuttle 
and intra-city operations in the City of Hamburg, Germany, 
while considering a near-term scenario.

Regarding the aircraft design, it was found that especially 
the payload capacity impacts not only the SoI but also the 
SoS effectiveness. The mission profile and reserve require-
ments sensitivity analyses also showed interesting and 
understandable trends, however, these design parameters 
were found to be less sensitive for the SoS results.

The investigation of aircraft operations revealed that dif-
ferent turnaround procedures, including battery charging and 
swapping, are particularly sensitive. To ensure reasonable 
SoS effectiveness with regards to the introduced measures 
of effectiveness, fast-charging, if not swapping of batteries 
is of great importance. Generally, both options are sensible, 
whereas battery swapping improves the SoS effectiveness 
in some cases. Further criteria, e.g. cost and logistics, must 
be regarded for decision making. Finally, the variations in 

passenger demand and cruise speed lead to the expected SoS 
behavior, where the SoS effectiveness is especially sensitive 
to changing passenger demands. Thus, research on demand 
data forecasting is essential and required for more refined 
SoS studies in the field of UAM.

Generally, the success of UAM passenger transport 
depends on several aircraft and fleet design parameters. 
Thus, a comprehensive understanding of the aircraft design 
parameters is crucial for successful UAM deployment and 
optimization. Additionally, considering different opera-
tional strategies and scenarios is very important. The use 
of ABS significantly eased the process of carrying out the 
aforementioned investigations, while also ensuring the 
reusability and extensibility of the developed models when 
higher-fidelity stakeholder modelling is needed. Finally, 
SoS-driven aircraft design has non-linear couplings, which 
enforces the need for simulation-driven design for complex 
SoS evaluations.

In future work, the design of heterogenous fleets will be 
investigated to identify trends and patterns associated with 
fleet compositions and SoS effectiveness. In addition, the 
feedback loop between the requirements, aircraft design, 
and simulation will be established to arrive at an optimized 
fleet composition. Furthermore, projected demand data for 
UAM should be incorporated into the SoS analysis as soon 
as the data becomes available. Again, various CONOPS, 
e.g. on-demand and scheduled operations, may be studied 
in addition to different dispatch criteria. Moreover, the envi-
ronmental impact of the UAM aircraft production and oper-
ations should be investigated through life cycle assessment. 
Also, noise and airspace clearances driven trajectories and 
considerations for public acceptance are important factors 
that can be considered in the UAM operations and fleet 
assessment. Lastly, the developed ABS can be extended to 
introduce random events and their mitigation strategies to 
assess the impact on the SoS effectiveness. These random 
events can include vehicle malfunctions, passenger or flight 
delays, and severe weather conditions, which need to be 
considered for the robust design of the UAM vehicles and 
fleets.

Appendix

Table 5 summarizes an excerpt of several SoI results for this 
case study.
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