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Abstract: Advances in new electric aerial vehicles have encouraged research on pioneering Urban Air
Mobility (UAM) solutions, which would provide fast service for passengers, goods, and emergencies.
From this perspective, some air service scenarios have been identified, such as air taxis, airport
shuttles, and intercity services. Such air services should be supported by a suitable urban air network,
which should comply with several boundary conditions linked to the specific features of this new
type of aerial mobility. This paper proposes an Urban Air Network (UAN) model that includes a
third (vertical) dimension and whose aim is to satisfy the basic principle of linking origin/destination
pairs, as in usual ground transportation networks, by guaranteeing at the same time safe aerial paths
between origin/destination pairs with suitable vehicle separations. The proposed UAN consists
of multiple 2D graphs on different layers, which allows for the transfer of aerial vehicles in lower
airspace. A suitable cost function has been associated with each UAN link in order to compute
the shortest paths connecting the origin/destination pairs. The links in a UAN have a dynamic
nature and can be enabled or disabled in consideration of capacity issues. In addition, indirect
CO2 emissions linked to aerial vehicles (such as operational and disposal phase charges) have been
computed to foresee the potential environmental impacts based on the proposed UAN model. The
preliminary results of a test case show encouraging results and provide interesting findings for
further advancements.

Keywords: dynamic links; 3D model; flying vehicles; urban air mobility

1. Introduction

Recent advancements in aircraft technologies, electric propulsion, software, sensors,
and communications have led to the development of unmanned aerial vehicles (UAVs),
remotely piloted or fully autonomous, which were first implemented in specific geographic
regions at a low risk level [1] for applications such as traffic monitoring [2], infrastruc-
ture inspection [3], mapping [4], and agriculture [5]. The ongoing UAV technological
advancements [6] and the growing interest in their related systems (such as communica-
tions, sensors, and software) [7] have paved the way for a new concept of transportation
systems in urban environments, which may take advantage of the vertical dimension for
faster trips while maintaining high standard levels—so-called Urban Air Mobility (UAM).
Specifically, Urban Air Mobility has been proposed as a safe, sustainable, and accessible
urban transportation system for passengers and goods, as well as for emergency services in
complex environments, such as metropolitan areas, by using both manned and unmanned
vehicles to run on-demand and scheduled services [8]. It is assumed that in the beginning,
the UAM system will be characterized by manned flying vehicles, afterward moving to fully
autonomous vehicles with collision avoidance [9] and real-time route maintenance [10].
Many technical challenges, in terms of resource and power management, security, and com-
munications, are involved in UAM development, together with issues related to air traffic
management, noise, weather, environmental impacts, and regulations [11]. Furthermore,

Sustainability 2023, 15, 13551. https://doi.org/10.3390/su151813551 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su151813551
https://doi.org/10.3390/su151813551
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-6880-7722
https://doi.org/10.3390/su151813551
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151813551?type=check_update&version=1


Sustainability 2023, 15, 13551 2 of 21

an analysis of people’s concerns about this new aerial mobility system carried out by the
European Union Aviation Safety Agency (EASA) [12] has shown that safety and security
are the main worrying aspects of UAM services, together with noise, environmental pol-
lution, and privacy violations. Moreover, some studies have found that factors such as
noise pollution and the amount of greenhouse gas emissions would have a key role in the
successful adoption of UAM [13]. In comparison to usual ground transportation systems,
this aerial transportation system includes a third spatial dimension and aerial services
are expected to be realized mainly by some (still prototypal) electric Vertical Take-off and
Landing (eVTOL) vehicles, which would have reduced environmental impacts compared
to current low-altitude aerial vehicles (e.g., traditional helicopters). Although there have
been many advancements towards making prototypal eVTOLs operational, there are still
many issues to be solved in terms of both the virtual infrastructures that would support
the implementation of aerial services in urban areas and the identification of their impacts.

The services provided by traditional ground transportation systems—such as transit
services—and their performance are simulated by using the “transportation supply” model,
which includes the technical and organizational aspects of the physical transportation
supply in order to represent the topological and functional structure of the system [14]. The
bases for many ground supply transportation models are network models, which combine
graph models, defined by nodes and links, with the performance and cost functions
associated with each network link [15]. Although there are still many aspects to be studied,
from the features of aerial vehicles to safety and environmental concerns and scenario
simulations [1,7,16,17],which are crucial for including the new “air mobility” in urban
environments—such basic supply concepts apply to UAM scenarios as well. In this case,
the technical and organizational aspects refer to an effective framework that will ensure
safe operations and air vehicle separation and routes while avoiding interference with
traditional aviation. Urban Air Network (UAN) models are intended to support flight
services at low altitudes, mainly in the uncontrolled ICAO class G [18]. As for aerial
services, a list of potential use cases has been drafted by NASA researchers [8]: air taxi
on-demand service, air cargo, air metro, emergency operations, news gathering, and traffic
and weather monitoring. As for passenger transport, several types of air services have now
been defined in the literature with different characteristics and specific requirements for the
UAM system [19–21]. Particularly, air taxis, airport shuttles, and intercity aerial services
are expected to lead the international market in the coming decades (Figure 1).

Figure 1. Urban Air Mobility use cases.

UAN features supporting aerial services will depend on the nature of the implemented
aerial service. An air taxi is similar to a ground taxi, i.e., an on-demand service for short-
haul trips (expected distance from 15 to 50 km) [22]. An airport shuttle would provide
scheduled flights between airports and strategic locations or points of interest (POI) in
metropolitan areas for similar distance ranges as the air taxi service [23,24]. Finally, intercity
scheduled services between cities would cover distances of more than 100 km and would
allow direct access to POIs [25].

Combining the existing ground transportation networks with UANs could represent a
great opportunity for urban and suburban mobility but would be a challenge for shaping
the evolution of large metropolitan areas. In this multimodal transportation framework,
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vertiports are the interchange nodes between aerial and ground services [26,27]. Such nodes,
which are part of UAN models, are both take-off and landing sites for eVTOL, providing
aerial services and passenger terminals for accessing/egressing the service. The location of
vertiports should comply with several safety and security requirements and privacy issues,
which would then affect the UAN structure.

A relevant difference between ground transportation networks and UAN is the vertical
dimension of the latter, which is expected to provide advantages for overcoming ground
congestion. Therefore, three-dimensional UANs should guarantee the following: (i) effec-
tive connections between POI in urban areas, (ii) reduced travel times and/or shorter travel
distances, and (iii) effective and safe flight paths.

Another difference between ground and aerial urban network models is that UAN
operability must be supported by data sharing and processing between eVTOL, or, more
generally, Flying Vehicles (FVs), and ground air traffic control centres that could both
avoid air traffic congestion, thanks to ad hoc communication networks, e.g., FANET [28]
and WSNs [29,30], and provide safe separations among FVs [31]. These latter aspects
are similar to what is expected, and partially operating in, Cooperative, Connected and
Automated Mobility (CCAM) [32], which will use communication techniques such as V2V
and V2I [33,34] to allow trips enabled by Connected and Automated Vehicles (CAVs).

Knowing data related to the status, positioning, and speed of each FV in UANs is
one of the prerequisites for UAM operability, which also allows ground control centres to
carry out management and regulatory operations for the maintenance of safety conditions.
Particularly, two types of approaches have currently been specified to control and manage
low–altitude urban air traffic: (1) centralized control system, such as Unmanned Aerial
Systems (UASs) Traffic Management (UTM) or the U–Space Concept [35,36]; (2) route
management directly realized using autonomous aerial vehicles with on-board technology,
such as see–and–avoid supported by algorithms for route guidance [37].

In the above perspective, this paper proposes a three-dimensional Urban Air Network
(3D-UAN) model that includes the third (vertical) dimension to link trip origin/destination
points by sequences of aerial, dynamic links where a suitable cost function has been defined.
The proposed UAN model has been applied for simulating some UAM services—particularly
airport shuttles and intercity services—and for estimating indirect CO2 emissions (such as
those linked to operational, disposal phase charges) due to FVs moving on the 3D-UAN.
Finally, such CO2 emissions have been compared with those released by fuel engine cars
under the same conditions.

The paper is organized as follows. Section 2 reviews the aerospace structure back-
ground for UAVs. Section 3 introduces the 3D network model, which could allow UAM
operations in the near future, and describes both the specifications and implications of the
model. Section 4 presents an experimental scenario and discusses network performances
and results. Section 5 deals with the estimation of CO2 in the experimental scenario, in-
cluding the comparison of emissions for UAM services and fuel engine cars. Finally, in
Section 6, some conclusions and future developments are drawn.

2. Literature Review

As set out in a previous review [38], a multi-layer graph model where links represent
some kind of “airways” (corridors) and nodes allow transfers between layers has been
proposed in the literature for uncontrolled (class G) aerospace [39]. In this model, FVs can
move along such corridors and nodes without direct communication with a central control
system (such as UTM); they are guided by both rules defined on the corridors themselves
(speed limits, flight headings, and maximum traffic capacity) and information exchanged
via V2V communications [33]. The geometrical features of the corridors depend on (1) the
FV types that will occupy them (e.g., different sizes influence corridor cross-sections), (2) the
distance between the Points of Interest (origin/destination nodes), and (3) the presence of
fixed obstacles in the airspace.
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However, the literature on UAN models that are designed explicitly for UAM services
is rather poor. Most studies have focused on the characteristics and potential constraints
of the lower airspace where FVs would move [40,41]. Although not directly addressed to
model UANs for UAM services; nevertheless, these studies are useful to identify properly
both features and properties by meeting the technical and operational requirements of
such networks.

In order to allow safe operations and fast urban aerial services, some solutions have
been proposed in the literature to plan the lower airspace environment. The Metropolis
project [42] proposes four different urban concepts to study changing capacity: (i) Full Mix,
(ii) Layer, (iii) Zone and (iv) Tube. Simulations carried out to validate these four concepts
showed that a layered concept is optimal for urban air mobility services (e.g., personal air
transport or delivery drones).

In detail, the Full Mix concept would be involved in free flight contexts—such as ‘non–
structured airspace’—where air traffic is subjected to physical constraints (e.g., weather,
fixed obstacles), and FVs would autonomously handle separation and trajectory via on-
board sensors and software [43]. In this context, the UAN model would simply identify a
topological structure with links, i.e., aerial corridors, where flights are allowed and nodes
at crossing points of such corridors and/or at vertiports.

The Layer concept includes an airspace designed in several layers, where separation
among FVs is ensured by combining position, speed, and altitude settlement. This airspace
structure is expected to reduce conflicts by limiting the relative speeds between FVs that
cruise at the same altitude. Furthermore, the Layer concept meets the main features of a
3D–UAN, where different layers are identified, each one with its own horizontal structure
and connections between layers that are ensured at specific points (nodes).

The Zone concept refers to circular and radial zones. Circular zones are used as
ground roundabouts, while the radial zones connect and allow traffic to flow toward the
circular zones.

Finally, the Tube concept provides a fixed structure with pre-planned, conflict-free
routes, like a graph where nodes identify specific points and tubes (i.e., links) connect
two nodes. In this structure, time separation between FVs is considered as the “fourth
dimension”; when a FV passes a node, it “occupies” such node for a given interval, and
during this time, no other FV can pass this node. This layout allows a multi-layer structure;
particularly, operations in the lower levels are reserved for short-range flights, while the
higher levels would be used for long-range flights.

Another concept for modelling lower airspace and identifying a UAN structure is
offered by AirMatrix [44]. The AirMatrix network establishes an airspace structure divided
into uniform air blocks arranged on multiple levels, which provides standardized units
for urban airspace management. By assigning a different number of air blocks to each
layer, the AirMatrix intends to manage the number of FVs that can move in the airspace by
considering constraints like the number of waypoints, crossing points, and flight flexibility.
Flight operations are managed by a trajectory-based approach, i.e., starting from pre-
determined waypoints (origin and destination), FVs move between successive, intermediate
waypoints to complete their path. This model assumes corridors where FVs are moving
and might be considered a preliminary structure for providing UAM services. A simulation
has been carried out to evaluate FV operation performance indicators such as average
travelled distance and travel time. The results have shown that improvements are needed
to handle an increasing number of FV operations.

In the Dynamic Delegated Corridors (DDCs) framework [45], airspace volumes or
tunnels similar to airways are considered (Figure 2). The air traffic separation is entrusted to
the autonomous decisions of FVs, which are supposed to be equipped with advanced tools
ensuring see-and-avoid capabilities, navigation precision, and V2V connections. Corridor
size and operating time may change and can be enabled (open/closed) according to weather
conditions and air traffic density. DDCs are also supported by an Automated Decision



Sustainability 2023, 15, 13551 5 of 21

support service, and they might be seen as a dynamic UAN model, where links can be
enabled or disabled according to some criteria.

Figure 2. Dynamic Delegated Corridors (DDCs) airspace concept.

More recently, Wang et al. [46] introduced an air traffic planning methodology to
ensure UAM operations by defining a fixed-route structure modelled as a graph, wherein
volume segments act as links, supporting two-way traffic and vertiports (here named
droneports) and delivery points act as nodes. Vertical links are added to connect the
horizontal volume segments, and a cylindrical airspace volume is identified in which
density points have been specified to measure the flow pattern constraints, which is
designed to capture the complexity in each node. In addition, an objective function based
on linear dynamic systems and specified as the sum of node complexities incorporates
temporal and spatial information, such as link congestion and operational efficiency, to
measure air traffic interaction. To minimize node complexity and optimize the UAM flow
pattern in the proposed structure, a two-step algorithm (i.e., Simulated Annealing and
Dafermos’ metaheuristic algorithm) is explored by generating solutions to balance the path
complexity in OD pairs and manage structure congestion.

Other studies, based on a free flight–aerospace approach, in which ground and low
airspace constraints are identified by employing 3D GIS maps and evaluating strategic
UAM paths by using collision-avoidance methods [47–49]. In [49], at first, the shortest path
for each OD pair is computed using well-known shortest path algorithms (e.g., Dijkstra) in
order to identify the flight collision configurations and their minimum temporal separation.
Then, the route intersection information is employed for flight de-confliction and a pre-
departure flight level assignment plus departure delay integration is proposed, to solve
conflicts and specify suitable UAM paths. Another approach employs a digital twin model
together with an aerial urban network model [50] to identify both relevant elements, such as
ground access points and obstacle heights, by using dynamic data and optimal flight paths.

Starting from the above perspective, this paper proposes a three-dimensional Urban
Air Network (3D-UAN) model, which complements and improves some preliminary
studies present in the literature [39,45]. Particularly, the concept of dynamic corridors has
been integrated with the multi-layer and corridor structure based on Layer concepts. In
detail, the 3D-UAN model is composed of nodes corresponding to vertiports and/or
singular points in the urban context and links connecting such nodes. Each layer is
connected to the others by suitable vertical links. A link cost function has been defined to
guarantee FV separations, avoid conflict points, and allow suitable traffic flow levels to
ensure uncongested conditions and meet link capacity criteria. It is worthwhile to note
that the network has been conceived to support flight operations based on the “see and
avoid” concept [51], and each link is bi-directional. In other words, FVs can use one or the
opposite link direction depending on (1) their origin/destination pair, and (2) the status of
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the link, which might be enabled or disabled in the required direction based on the flight
direction of another FV that is using the same link and/or the link spare capacity.

3. The Proposed 3D-UAN Model

A multi-layer three-dimensional network (3D–UAN) is here proposed (Figure 3) for
supporting UAM services for passengers and freight in the very low and uncontrolled
airspace, i.e., 500 ft above ground level [52]. The network includes ad hoc links, like DDCs,
which are intended to be suitably enabled or disabled based on the information provided by
data collected and transmitted by both connected FVs [43] and a centralized control system.
As available data are thought to be both real-time and off-line (the latter being time series
data), 3D-UAN operations will depend on both real-time and off-line data processing. FVs
will share data on their position, speed, operating status, and environmental conditions
with both other vehicles and the control centre by using V2V and V2I/V2X communication
technologies [33,34].

Figure 3. Three-dimensional Urban Aerial Network (3D-UAN) model.

Layers, nodes, links, and link cost functions are the relevant elements of the proposed
3D-UAN model for UAM operations. In detail, for each layer L, a two-dimensional graph
GL is defined, which includes the set of fixed nodes (NF,L), the set of transition nodes (NT,L)
and the set of dynamic links (DL).

Fixed nodes are identified in the access and egress points of the UAM network (i.e.,
locations having vertiport roles), while transition nodes correspond to positions where
horizontal crossings and switches to an upper or lower layer are enabled. It is notable
that some transition nodes have the same position as fixed nodes except for the vertical
coordinate; for example, at vertiports, vertical switches may also occur.

Dynamic links (in the following also simply links) connect pairs of nodes—both fixed
and transition. Each link dm,L represents the connection existing between two fixed nodes
on the same layers or between a node—fixed or transition—in layer L and a node—fixed
or transition—in another upper or lower layer. Dynamic links dm,L belong to the set
DL= { dm,L}| m = {1, 2. . .KL}, where KL is the total number of links for layer L. They
can be considered as air corridors that will be enabled or not based on traffic capacity
and environmental conditions (e.g., accumulation of operational delays, adverse weather
conditions). In addition, their geometrical features may change depending on the flight
vehicle’s characteristics and safe distance. Particularly, link length among two fixed nodes
is related to FV energy consumption. In fact, the recharging facilities will be located at
vertiports [53], and setting the maximum distance between them is crucial for ensuring
safe flights. Furthermore, the size of each FV can affect link cross-sections by requiring an
increase in the vertical separation for larger FVs (i.e., greater distance between the layers,
vertical link length increase and changes in transition node positions) to guarantee suitable
protection volumes around them [54].
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Due to the 3D nature of the network model, the dynamic link set consists of horizontal
and vertical link subsets, respectively:

Dh,L = {hmL} ⊂ DL
∣∣ m = {1, 2 . . .}

Dv,L = {vmL} ⊂ DL |m = {1, 2 . . .}

Horizontal and vertical links only allow for some specific flight operations, i.e., landing
and take-off operations, as well as layer transitions, which are permitted only on links
belonging to the vertical link subset, while connections in the same layer occur only along
links belonging to the horizontal link subset. Therefore, a given FV will move between
layers by using vertical dynamic links, while horizontal dynamic links permit transfers
within the same layer.

The final 3D Graph (Θ) includes the bi–dimensional graphs, GL, and the subsets of
vertical dynamic links Dv,L:

Θ =
⋃

L={1,...,n}
GL ∪ Dv,L

with
GL = (NF,L, NT,L, Dh,L) (1)

By omitting the subscripts L and m for simplicity, the following link cost function
c
(
Tt , Tg

)
has been associated with each link of Θ:

c
(
Tt, Tg

)
=

{
Tti for i = 1

Tti + Tg(i,i−1) ∀ i > 1

}
(2)

where i is the i-th FV using the dynamic link dm,L at a given time period; Tti is the travel
time of i on the generic link; and Tg(i,i−1) is the time gap between i and i–1. In detail, the
travel time Tti varies according to the link—horizontal vs. vertical. For horizontal links, Tti

is the running time Tri if i = 1, which depends on FV features and possible air rules. If there
is more than one FV on the same link, i.e., i > 1, the additional time Tg(i,i−1) ensures suitable
separation between two subsequent FVs. This condition maintains safe travel conditions
among FVs flying on the same path.

For vertical links, Tti may be climbing (Tai ) or descend (Tfi
) time depending on the link

direction—i.e., towards upper layers or towards lower layers. Again, the additional time
Tg(i,i−1) ensures a suitable separation between two subsequent FVs also along vertical links.

Therefore, Equation (2) may be specified as follows:

ch,L
(
Tr, Tg

)
=

{
Tri for i = 1

Tri + Tg(i,i−1) ∀ i > 1

}
(3)

cv,L

(
Ta, Tf , Tg

)
=



Tai for upper layer transitions, i = 1
Tai + Tg(i,i−1) for upper layer transitions, i > 1

Tfi
for lower layer transitions, i = 1

Tfi
+ Tg(i,i−1) for lower layer transitions, i > 1

(4)

It is worthwhile to note that the cost function, particularly the travel time component, is
principally a random variable because of some external factors, such as weather conditions.
However, in this first version of the UAN model, the cost function has been considered
deterministic. In other words, times and network status correspond to ideal conditions
where no external and/or internal disturbances exist so that the final status might be
considered the best condition under some scheduled services.

Furthermore, to ensure controlled departures from fixed nodes NF,L and the effective
flow distribution over the 3D-UAN, aerial vehicles have to comply with an assigned
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headway time at each fixed node before starting the journey, which may be considered a
waiting time component, as detailed in the headway function h

(
INF

)
:

h
(

INF

)
= INFi

+ ∑n−i
j=1 INFi−j

(5)

where INF is the headway time associated with each aerial vehicle before take-off and
depends on the variables Tri−1hmL

, TaivmL
and Tg(i, i−1)dmL

, specifically designed for each

dynamic link:

INF

(
TavmL

, TrvmL
, TgdmL

)
=

Tg(i, i−1)vmL
+
[

Tri−1hmL
+
(

Tg(i, i−1)hmL
+ TaivmL

)]
if i – 1 positioning ahead of destination node NT,L

Tri−1hmL
+
(

Tg(i, i−1)hmL
+ TaivmL

)
if i – 1 positioning over destination node NT,L

(6)

In (5) and (6), i is the i–th FV departing from the generic fixed node NF,L and flying
to the generic transition node NT,L; j refers to the FV ahead i, and n is the total number of
FVs using the 3D-UAN at a given time. In detail, the i-th FV must wait at the fixed node
NF,L a headway time h(I NF

)
such that collisions—between it and other FVs crossing the

network—do not occur at the next transition node, and separation time Tg(i, i−1) is constantly
guaranteed in each link dm,L. Finally, the generalized link cost function is obtained by
combining both h

(
INF

)
and c

(
Tt, Tg

)
, i.e., the node and dynamic link cost functions.

Once the cost functions have been defined, the minimum cost paths from the origin to
destination points can be estimated, which depend on the number of FVs on those links
in the given reference time (e.g., i = 1 or i > 1). The suitable paths meeting the minimum
cost criteria may be computed by using iterative shortest path algorithms (e.g., Dijkstra,
1959 [55]) or A* [56], based on the identification of link sequences allowing the minimum
travel cost. Among some criteria for identifying paths, FVs are allowed to switch layers
in transition nodes only a limited number of times, depending on route length. The layer
switch constraint is also useful in guaranteeing savings in battery autonomy and travel
time. In fact, the layer switches involve greater energy consumption to perform hover
operations, for which a reduced speed is also needed [57], which causes a consequent
increase in the overall travel time.

As already introduced, the computation of the link cost is based on both offline and
real-time data; the latter will made available due to V2V and V2I/V2X communication
technologies. This double aspect allows applying the 3D-UAN model to both scheduled
and unscheduled air services. For scheduled services (such as airport shuttle and intercity
services), the shortest path is computed before FV departures. Thus, the network can be
used in a “steady state” mode, and minimum paths are identified in advance depending
on the expected points of conflict and number of flight operations, which allows for the
detection of which links have to be enabled due to link capacity and safety issues [58].

For an on-demand service (such as AirTaxi), the network dynamic features are crucial.
In this case, information on the occupancy status of the dynamic links has to be shared in
real time. In this condition, both each FV and the control centre, which receive and share
data with each other and among the other connected FVs, would compute the shortest path
by processing such data. During the trip, if a dynamic link reaches its capacity limit, it will
be “disabled” in order to maintain safety standards and avoid traffic jams and disruptions
on the network. FVs will be distributed over the network by re-computing the shortest
paths in the current conditions such that conflict-free trips are still guaranteed.

It is worthwhile to note that real-time data exchange and monitoring are crucial for
scheduled services as well. In fact, if there is any kind of disruption on one or more links,
the computation of the new path is similar to what occurs for unscheduled services, and
the information will be provided in real time via a similar computation, i.e., based on the
data received from the control centre and from the other connected FVs.

To summarize, the 3D–UAN model supports the simulation of the expected UAM sce-
narios described before (see Figure 1) by ensuring connections between origin/destination
pairs at the minimum travel cost.
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Finally, in this first version of the model, both the path and departing slot assignment
for each FV follow a priority criterion that depends only on service scheduling. In particular,
the take-off and landing priority criterion is marked and must be compatible with the time
gap on the links and headway time at the fixed nodes, also guaranteed by the see-and-avoid
approach related to communication techniques among FVs. In the event that an on-demand
service integrates with a scheduled one, the scheduled flights will have priority, and the
on-demand flight between two scheduled flights will be allowed if the time gap is sufficient.

4. Simulation Scenario: Results and Implications

In order to assess the proposed model and analyse the preliminary performance, a sim-
ulation scenario is described, focusing on the analysis of a scheduled UAM service—such
as an airport shuttle or intercity service. In such scheduled services, flight plans and
procedures are established before each departure, with the only variations being linked
to unforeseen events such as adverse weather conditions, instrument disruptions, and
emergency management. However, as introduced in the previous section, it has been
assumed that ideal conditions occur without disturbances with respect to the scheduled
plan in order to obtain a network status that can be considered ideal.

It is worthwhile to note that the application refers mainly to the aerial network; in other
words, the access/egress times to fixed nodes, i.e., vertiports, and the time required for the
“ground” operations to be carried out (e.g., embarkation, disembarkation, security checks)
are neglected and only the air travel time on the 3D-UAN for some origin/destination
pairs is considered. In fact, the total travel time for the entire journey also includes the
ground leg component, which depends on vertiport locations and ground mode features.
The computation of ground times is outside the scope of the study.

The network structure used to test the 3D-UAN model is depicted in Figure 4. Note
that each link is bidirectional—for vertical links—the two directions are separated by
suitable horizontal distances. The travel direction for a horizontal link will depend on its
occupancy and safety conditions, i.e., no FVs running in opposite directions are allowed to
use the same link at the same time.

Figure 4. 3D-UAN structure used in the test case.

The test network includes four layers at 100 m from each other. At ground level (L0,
0 mt AGL), the air network accessibility occurs through four fixed nodes, corresponding
to four vertiports. Each layer includes at least four transition nodes, which have the same
position as the fixed nodes but different vertical coordinates. The remaining transition
nodes have a different position—both horizontal and vertical coordinates—with respect
to fixed nodes. Both fixed and transition nodes are connected via vertical dynamic links
to the next layer (Figure 4). The main features of 3D–UAN, i.e., nodes and horizontal and
vertical dynamic links, are shown in Table 1. In summary, the aerial network has four layers
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(included the ground level), 28 nodes (including four vertiports), 40 vertical dynamic links,
and 48 horizontal dynamic links (both directions).

Table 1. Nodes and dynamic link features in the 3D–UAN test case.

Vertical Links Horizontal Links

Dynamic Links * Length (km) Dynamic Links * Length (km)

L0–L1

1–5 0.1

Layer L1

5–6 25.08
2–7 0.1 6–7 31.05
3–9 0.1 7–8 15.26
4–11 0.1 8–9 20.81

L1–L2

5–13 0.1 9–10 18.03
6–14 0.1 10–11 21.21
7–15 0.1 9–12 17.69
8–16 0.1 12–5 21.63

9–17 0.1

Layer L2

13–14 25.08
10–18 0.1 14–15 31.05
11–19 0.1 15–16 15.26
12–20 0.1 16–17 20.81

L2–L3

21–13 0.1 17–18 18.03
22–20 0.1 18–19 21.21
23–17 0.1 17–20 17.69
24–18 0.1 20–13 21.63

25–19 0.1

Layer L3

21–22 21.63
26–14 0.1 22–23 17.69
27–15 0.1 24–25 21.21
28–16 0.1 23–24 18.03

26–21 25.08
26–27 31.05
28–27 15.26
28–23 20.81

Fixed Nodes Layer L0

1, 2, 3, 4

Transition
Nodes Layer L1 Layer L2 Layer L3

5, 6, 7, 8, 9, 10, 11, 12 13, 14, 15, 16, 17, 18, 19, 20 21, 22, 23, 24, 25, 26, 27, 28
* Only links in one direction are reported for space reasons.

The simulation scenario considers the lift–cruise eVTOL prototype developed by
Airbus (CityAirbus NextGen [59]) as a reference FV, which can reach 120 km/h (cruising
speed) and has a range of 80 km. By considering the baseline scenario, a maximum capacity
limit of two FVs in the same time interval has been assigned to each link, depending on
the link lengths and the FV speed (Table 2). The average cruising speed allowed on the
horizontal links is considered equal to 100 km/h, while on the vertical links (including
take-off and landing phases), it is 45 km/h. This average speed value was chosen based on
the CityAirbus NextGen data, which should also support issues related to flight safety.

Fourteen FVs have been considered operational during the simulation, travelling
between six origin/destination pairs (Table 3). The simulation has been run for 70 min to
explore the 3D-UAN model and, at the same time, allow all the involved FVs to reach their
designated destinations. The simulation scenario started at time t0 = 0, in which the first FV
took off from vertiports 1, 2 and 4. To keep a safe time gap between the next two FVs flying
the same link, the value of Tg has been set equal to 2 min. The headway time h

(
INF

)
has

been ensured at fixed nodes before each departure. Particularly, FV1, FV2 and FV3 take-off
at time t0 and their headway times I11 , I22 and I43 are equal to 0. Then, the minimum cost
paths between OD pairs have been computed by a shortest cost path algorithm [55] based
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on dynamic link requirements and constraints, i.e., links crossed in both directions and
maximum capacity. By using Equations (2)–(6), time gap and headway time introduced
above, the link costs have been calculated, and the minimum paths for each FV have been
identified (Table 4).

Table 2. Dynamic link features in the baseline scenario.

Dynamic Link Characteristics

Maximum link capacity (number of FVs) 2

Average cruise speed on horizontal links 100 km/h

Average cruise speed on vertical links 45 km/h

Table 3. FVs assigned to O-D pairs.

Origin Node Destination Node Range

FV1 1 2 56 km

FV2 2 4 75 km

FV3 4 2 75 km

FV4 1 4 55 km

FV5 1 3 39 km

FV6 1 2 56 km

FV7 2 1 56 km

FV8 2 4 75 km

FV9 2 4 75 km

FV10 1 4 55 km

FV11 1 3 39 km

FV12 1 2 56 km

FV13 1 4 55 km

FV14 1 3 39 km

As previously stated, the simulation scenario refers to a scheduled service, and the air
traffic flow is preliminarily estimated at each link before FVs take-off based on the available
timetable. Consequently, some dynamic links have been enabled and disabled depending
on capacity and collision avoidance issues.

As can be seen from Table 4, all the layers of the 3D-UAN are used to ensure optimal
travel times and flight safety. In fact, flying vehicles FV7, FV8, FV10 and FV11 cross layer
L2 to reach their destination, while FV12, FV13, FV14 switch to layer L3 because of both the
capacity limits reached in lower layers and the requirement of Tg = 2 min on each link.
Furthermore, at time t∆ = 22 min from t0, the link dynamic features are useful in managing
FV flow on the aerial network. In fact, at node 9, FV2 switches to L2 to avoid collision with
FV3, which is flying in the opposite direction; consequently, link (9–10) is disabled while
links (9–17) and (17–18) are enabled before FV2 arrives. By considering the 3D-UAN at
the time t∆= 22 min, the link occupation status and the distance travelled by the flying
vehicles are reported in Table 5. These results allow both to evaluate whether the various
dynamic links are enabled and disabled as expected and to identify potential conflict points
on routes.
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Table 4. Results of the 3D-UAN model for the simulation scenario.

OD
Pair Path Link

Cost *
Path

Cost *
Travelled
Distance *

OD
Pair Path Link

Cost *
Path

Cost *
Travelled
Distance *

1–2

FV1

1–5 0.13

33.9 56.3

2–4

FV2

2–7 0.13

45.7 75.7

5–6 15.05 7–8 9.16
6–7 18.63 8–9 12.49
7–2 0.13 9–17 0.13

FV6

1–5 6.53

40.3 56.3

17–18 10.82
5–6 15.05 18–19 12.73
6–7 18.63 19–11 0.13
7–2 0.13 11–4 0.13

FV12

1–5 12.93

47.2 56.7
FV9

2–7 6.53

51.9 75.5

5–13 0.13 7–8 9.16
13–21 0.13 8–9 12.49
21–26 15.05 9–10 10.82
26–27 18.63 10–11 12.73
27–15 0.06 4–11 0.13

15–7 0.13

FV10

2–7 8.67

54.3 75.7

7–2 0.13 7–15 0.13

4–2 FV3

4–11 0.13

45.5 75.5

15–16 9.16
11–10 12.73 16–17 12.49
10–9 10.82 17–18 10.82
9–8 12.49 18–19 12.73
8–7 9.16 19–11 0.13
7–2 0.13 11–4 0.13

2–1 FV7

2–7 2.27

36.3 56.5

1–4

FV4

1–5 2.27

49.5 78.8

7–15 0.13 5–12 12.98
15–14 18.63 12–9 10.62
14–13 15.05 9–10 10.82
13–5 0.13 10–11 12.73
5–1 0.13 11–4 0.13

1–3

FV5

1–5 4.4

28.1 39.5

FV8

1–5 4.4

51.9 79.0

5–12 12.98 5–13 0.13
12–9 10.62 13–20 12.98
9–3 0.13 20–17 10.62

FV11

1–5 10.8

34.8 39.7

17–18 10.82
5–13 0.13 18–19 12.73

13–20 12.98 19–11 0.13
20–17 10.62 11–4 0.13

17–9 0.13

FV13

1–5 15.07

2.9 79.2

9–3 0.13 5–13 0.13

FV14

1–5 17.2

41.5 39.9

13–21 0.13
5–13 0.13 21–22 12.98

13–21 0.13 22–23 10.62
21–22 12.98 23–24 10.82
22–23 10.62 24–25 12.73
23–17 0.13 25–19 0.13
17–9 0.13 19–11 0.13
9–3 0.13 11–4 0.13

* Distances are in km; costs are in minutes.

From the obtained results, it is revealed that setting three layers for fourteen FVs
operating a 70 min service generally allows acceptable network operations. All the network
layers had to be used, which increased the total time spent due to several climb/descend
manoeuvres. The performance analysis of the FVs reported in Figure 5 shows interesting
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and satisfactory results in terms of total travel costs and travelled distances, although
introducing bidirectional links could lead to network overuse.

Table 5. Dynamic links status and FVs position at t∆ = 22 min.

t∆ = 22 min Occupied Link Travelled Distance *

1–2
FV1 6–7 36.54
FV6 6–7 25.88
FV12 21–26 14.97

4–2 FV3 10–9 36.54

2–4
FV2 17–18 36.42
FV9 8–9 25.88
FV10 16–17 22.20

2–1 FV7 14–13 32.87

1–3
FV5 12–9 29.43
FV11 13–20 18.64
FV14 21–22 7.86

1–4
FV4 12–9 32.99
FV8 20–17 29.31
FV13 21–22 11.41

* Distances are in km.

Figure 5. FV performances on the tested 3D-UAN per each OD pair.

Constraining the dynamic links to a capacity value of two flying vehicles in the same
time interval guarantees a suitable safety level while maintaining service quality. Then, the
hypothesized value Tg = 2 min is suitable to avoid conflict points and disruptions along the
routes by keeping suitable separations between FVs, and it might be considered an optimal
time gap for this test.

The analysed simulation scenario shows that the proposed cost function produces
reasonable results. Running time mainly influences FV flows on network links, while the
time gap and the consequent headway time may produce waiting times that can occur
only at fixed nodes. Furthermore, the opportunity to move between layers depending
on traffic needs allows optimal flow assignment and, at the same time, maintain safety
standards. Opposed to ground transportation systems, there are no critical points, such as
traffic light intersections, where significant, additional waiting time can affect the total path
costs. Finally, the use of the dynamic link properties, i.e., enabled or disabled, depends on
the identification (in real time) of the shortest paths between origin/destination pairs.
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To apply the proposed 3D-UAN model to on-demand services (such as air taxis), ad
hoc communication networks (FANET, WSN) [60] and continuous data exchange (e.g., FV
positions, cruise speed, link status) between the individual FVs and the air traffic control
centre are required in order to compute real-time shortest paths. However, the 3D-UAN
model is the same as applied in the simulation scenario above. As an example, the event
highlighted at time t∆ = 22 min, i.e., link (17–18) enabled to ensure FV2 transit, can be
associated with an on-demand simulation since enabling and disabling links dynamically
depending on traffic conditions appear to be satisfactory for this type of service. FVs may
coordinate between themselves autonomously through the FANET system [28].

Through comparison with other studies reported in the literature, the proposed 3D-
UAN model has a more comprehensive architecture as it proposes a well-defined network
structure, which, in principle, includes the support of communicating networks and the
link and node cost functions (2) and (5), computing the performance of the aerial network
also from the user’s perspective.

The 3D-UAN model has some innovative aspects with respect to the airspace models
proposed in the current literature relating to UAM services (Table 6). At a first comparison
based on Table 6, most of the existing models have a fixed Airspace Structure, which could
generate some restrictions, particularly when introducing on-demand services. On the con-
trary, in the 3D-UAN model, the integration of dynamically activated corridors/airways,
combined with the opportunity to move on different flight levels by entirely exploiting the
third dimension, overcome the potential limitations of previous models in the literature.
In detail, the 3D-UAN model combines the characteristics of a structured and controllable
airspace using many layers at suitable altitudes for complying with aviation safety stan-
dards with the free flight flexibility by considering transitions nodes and dynamic links,
which can be adapted in real time when needed.

Table 6. Existing lower airspace models vs. the proposed 3D-UAN model.

Models Airspace Structure Air Traffic Management

AirMatrix network [44] Uniform air blocks arranged
on multiple levels.

Pre-determined
trajectory-based approach
where FVs follow a set of

waypoints assigned through
conflict point detection

Dynamic Delegated
Corridors [45]

Airspace volume or tunnels
like airways.

Air traffic separation is entrusted
to FV decisions (see-and-avoid)
and supported by an automated

decision support
service on ground

Multi-layer Model [39]
Obstacle-free points in the
different layers including

corridors/airways.

Pre-determined path planning by
minimising travel time and

energy separately

Cylindrical volume with
fixed-route structure [46]

Air network modelled as a
graph, with volume

segments as links and
droneports as nodes.

Path planned through objective
function specified as the sum of
node complexities incorporates

temporal and spatial information

Aerospace free flight
approach [49]

3D GIS map provides
obstacle-free airspace

involving several layers.

Pre-departure flight level
assignment involving

collision—avoidance method

Proposed 3D—UAN

Multi-layer structure
including dynamic links, fixed

nodes (vertiports) and
transition nodes

Shortest path calculated through
ad hoc cost function including

travel time, gap time among FVs
on links and waiting time at
vertiport and information
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As for air traffic management, two main approaches may be identified from Table 6:
(1) those based on the collision avoidance principle and communication between FVs to
compute the air routes, and (2) those that, starting from an objective function, evaluate the
complexities at the node and along the links to obtain the optimum paths. The proposed
3D-UAN model combines the above two approaches for air traffic management. In fact, the
proposed cost function guarantees the minimum travel times and the separation standards
between FVs by using information about air traffic on the network, which is collected
through V2V and V2I technologies. Differently from the existing models that focus on
one of the two methods, this framework exploits both the criterion of collision avoidance,
which might also be used to simulate the network status in case of unforeseen events, and
a structured objective function that satisfies the transport system principles by ensuring the
shortest path computation between O/D pairs.

Finally, although the 3D-UAN framework can also be used for optimizing the fleet
and services, in this study, the focus has been on the model feasibility for supporting UAM
services. In other words, in this preliminary experiment, the 3D-UAN model has not been
used for optimizing the network but for simulating the network status under some known
conditions, e.g., scheduled services and/or on-demand services. Therefore, disturbances
and potential disruptions are not the focus of this paper but future research.

5. A Preliminary Analysis of CO2 Emissions and Comparison with Ground Vehicles

As introduced in Section 1, eVTOLs have been the key drivers for starting the concept
of UAM services. Such flying vehicles do not produce CO2 emissions directly during
operations; in fact, eVTOLs are equipped with Distributed Electric Propulsion (DEP)
engines [61]. However, operational and disposal phases may release CO2 gas into the
atmosphere [62]. Particularly, to be operational, FVs have to be recharged, and then
they might contribute indirectly to CO2 emissions based on how the electricity needed to
recharge them has been produced.

In order to preliminarily explore the environmental impacts of UAM services in the
framework of the proposed 3D-UAN model, an analysis of the indirect kgCO2 produced
in the simulation scenario tested in Section 4 has been performed. Such emissions have
been compared to fuel engine car emissions in the same context, i.e., the same travelled
distances under comparable traffic flow conditions. Particularly, the comparison has been
referred to the Italian situation by considering some emission indexes estimated by ISPRA
(Italian Institute for Environmental Protection and Research) [63]. The emission index (EIel)
in the power sector for electricity and heat production has been used, which only comes
from fossil sources [63]. Such an index has been used for UAM trip CO2 emissions, from
the generation to the consumption of electricity needed to allow FV operations (Table 7).
As for cars, the average emission factor for the car fleets circulating in Italy (EIcar) has
been selected by the ISPRA national database [64], which is updated consistently with
the COPERT version 5.5.1 (“COPERT is the EU standard vehicle emissions calculator,
which uses vehicle population, mileage, speed and other data such as ambient temperature
and calculates emissions and energy consumption for a specific country or region [65])
estimation model (Table 7). The EIcar factor is related to car fleets powered by petrol, diesel,
LPG (Liquefied Petroleum Gas) and CNG (Compressed Natural Gas) fuels.

Table 7. Emission index for electricity production and passenger car estimated by ISPRA.

EIel (gCO2/kWh) EIcar (gCO2/km)

452.1 162.84

In this analysis, the power required by each FV in the simulation scenario described in
Section 5 has been estimated by applying the approach proposed by Mudumba et al. [66],
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which proposes uses Equations (7)–(10) to estimate the power required at different flight
phases: hover, climb, cruise, and descent:

Phover =
mg
ηh

√
δ

2ρ
(7)

Pcruise =
mg
ηc

Vcruise
L
D

(8)

Pclimb =
mg
ηc

(
ROC +

Vclimb
L
D

)
(9)

Pdescent =
mg
ηc

(
ROD +

Vdescent
L
D

)
(10)

where m is the total FV mass; g is gravity acceleration; L/D is the lift-to-drag ratio; ηh is the
hover system efficiency; ηc is the climb and cruise system efficiency; ρ is the air density at
sea level; ROD and ROC are Rate of Descent and Rate of Climb, respectively; Vcruise, Vclimb
and Vdescent are speeds adopted in different flight phases: cruise, climbing and descent.

Here, FV characteristics (Table 8) are based on available information from CityAirbus
NextGen [59], while lacking data have been assumed by considering the features of a
generic lift–cruise eVTOL prototype [62,67]. Finally, climb, cruise, and descent average
speeds are the ones used for the simulation scenario (see Section 4).

Table 8. FVs (eVTOLs) main characteristics.

Reference Variable Value

CityAirbus NextGen—Airbus [59] FV total mass m (kg) 2200
André and Hajek [62] Disk loading δ (N/m2) 627.5
André and Hajek [62] L/D 8

Kasliwal et al. [67] ROC (m/s) 5
Kasliwal et al. [67] ROD (m/s) –5

International standard
Atmosphere [68] ρ (kg/m3) 1.225

André and Hajek [62] ηc 0.63
André and Hajek [62] ηh 0.765

CO2 indirect emissions for the UAM tested service have been computed by employing
the following equation [66]:

CO2(UAM) = EIel (∑k∈ f light phase Pk·tk) (11)

where Pk is the power required by each FV in a different flight phase and tk is the travel
time in a distinct flight segment (i.e., estimated link costs, see Table 4).

As for fuel engine car trips, CO2 emissions have been computed by using the emission
index EIcar and the travelled ranges between O/D pairs, which have been assumed to be
the same as in the tested scenarios (see Table 3).

Emissions have also been computed per passenger. It has been assumed that FVs
can accommodate the pilot and two passengers, and the indirect gas emissions have been
evaluated for 42 people. For car trips, 21 passengers have been considered by adopting an
average car occupancy rate of 1.6 [69], while the number of cars on the ground transporta-
tion network has been assumed to be the same as in the 3D-UAN scenario (14 vehicles).

The total kgCO2 has been computed for both FV and car trips and per passenger
travelling between the same O/D pair by FVs on the 3D-UAN and cars on the ground. The
results are reported in Table 9.
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Table 9. FV and car emissions kgCO2 based on the simulation scenario.

Indirect CO2 FV trip emissions CO2 car trip emissions

393.52 kgCO2 131.25 kgCO2

Indirect CO2 emissions per passenger CO2 emissions per passenger

8.19 kgCO2 5.86 kgCO2

In the considered scenario and context—the travelled distances between O/D pairs
being the same—the results show that FV operations produce more CO2 gases than car
trips, also in terms of emissions per passenger. This is an interesting preliminary result that
must be further investigated. Although some studies [23,70] and some market analyses [71]
propose UAM as a reduced carbon emission alternative to “traditional” mobility, there are
some other studies that show less optimistic expectations with respect to the environmental
impacts generated by UAM services [72]. This preliminary analysis is rather in line with
this latter study, although it refers to a specific electricity generation case and cannot be
generalized to other contexts. It should be noted that currently, eVTOL prototypes—such
as Volocopter and Joby—have been investigated in terms of their main technical properties
and characteristics, but the operational features of the different flight phases required for
providing a real service like the tested one have not been completely explored yet. This is
another source of uncertainty for the obtained results because some data had to be assumed
based on other studies and hypotheses, which represents a probable limitation. In any case,
although many aspects and elements require further in-depth investigations, these results
show that using e-vehicles does not automatically correspond to a lower environmental
impact, and attention must be paid to the way the electricity is generated, which applies to
both aerial and terrestrial e-vehicles.

6. Conclusions

From the perspective of future UAM scenarios, this paper proposes an urban air
network that explicitly uses the third dimension and supports the realization of air traffic in
low airspace. Particularly, similarly to ground transportation system supply, this network
model intends to characterize the urban aerial service supply for UAM systems by setting
both the main topological features (i.e., a three-dimensional graph) and the link cost
functions that shape the traffic flow on the transportation network.

The proposed multi-layer network model (3D-UAN) incorporates the concept of dynamic
corridors, which are identified in the network links (both horizontal and vertical) and can be
enabled or disabled according to link spare capacity and safety issues. As also emerged in
the airspace literature, layer frameworks represent the airspace as a set of two-dimensional
planes, which are connected via vertical corridors. In the context of urban aerial transportation
systems, this layer-based space structure has been organized into an aerial transportation
network composed of nodes and links with specific characteristics, also defined by the link
cost functions that make it possible to compute the shortest paths based on the minimum
travel cost criterion. Other than link travel time on both horizontal and vertical links, a suitable
time gap on links and the headway time at fixed nodes have been assumed between the next
FVs departures to guarantee suitable separations between FVs and avoid collision points
on routes. To the best of these authors’ knowledge, this work is the first that integrates the
dynamism of air corridors by also associating a cost function in a multi-layer structure.

A simulation scenario has been generated to assess the network model and its feasibil-
ity. The results have shown the effectiveness and reliability of the proposed 3D-UAN model.
A scheduled UAM transport service (as an airport shuttle) has been tested, in which origin
and destination points are preliminarily established. Fourteen FVs have been assigned
to the 3D network by using a shortest path algorithm combined with the specification of
singular dynamic links to explore the performances of the adopted supply model. The
obtained results confirm the suitability of the initial hypotheses (two FVs per link and a
2 min time gap between them) and show that the 3D-UAN model provides appropriate



Sustainability 2023, 15, 13551 18 of 21

outcomes in terms of path costs in relation to the travelled distances even if all the layers
are occupied. It also emerged that using bi-directional dynamic links on the same layer
could lead to network overuse.

In the test scenarios, some constraints have been set—such as a reduced average
cruising speed value and a low value of the maximum capacity—which have to be further
investigated in order to understand the effective limits of a UAM transportation system.
Similarly, to test the potentialities of the supply model, some elements have to be further
explored, such as higher speeds, a greater number of FVs, and longer travel ranges.

Finally, a preliminary analysis of the indirect CO2 emissions produced when a sched-
uled aerial service is provided within the proposed 3D-UAN framework has been carried
out. In detail, the kgCO2 produced by FVs (indirect emissions linked to the electricity
generation for the recharging phase) and cars (fuel engine direct emissions) in the tested
scenario have been compared—all transportation features being the same and the necessary
emission indexes referring to the Italian context. The results show that the tested UAM
service generates higher levels of CO2 than car trips per passenger travelling the same
distances, which does not guarantee an effective advantage in proposing the UAM model
as a sustainable alternative to traditional transportation systems in terms of greenhouse
emissions. However, such results depend on the way the electricity is generated in the
considered context, which could lead to completely different results in other contexts. What-
ever the context, careful attention must be paid to the important aspect of how e-vehicles
are charged, or, in other words, which is the source for generating electricity.

To summarize, the 3D-UAN model has shown interesting opportunities for modelling
aerial transportation services in a multi-layer, 3D framework, and further developments are
expected starting from this preliminary model. As for the link cost function, in this paper, it
has been considered deterministic, but some factors could affect the time component—such
as the weather conditions—so randomness should be explicitly considered. Weather
conditions might affect energy consumption too, which in turn will impact travel times,
and potential constraints in both link lengths and vertiport positioning should be included
to ensure safety conditions. In addition, the 3D-UAN model has been used to simulate
the network status under some known scheduled services. However, it may also be
used to optimize the network, the criterion being times, fleet constraints, or some others.
Another line of research will explore the introduction of “holding points” closed to vertical
links to/from fixed points and the resulting additional waiting times. As for the network
structure, further studies are expected for analysing the performances of a 3D-UAN model
where the link directions are fixed for each layer, and directions change in alternate layers.
Finally, the 3D-UAN model may be integrated into the overall urban supply transportation
model by merging both the aerial 3D network and the ground transportation network and
locating the fixed nodes (i.e., vertiports) in suitable POI in the ground network, such as
airports, main railway stations, and city centres, by means of appropriate methods such
as the GIS approach [73,74], the K-Means algorithm [75] and the Hub-location problem
approach [76,77]. Thus, combining the 3D and ground networks will enable simulating an
overall multi-mode ground–aerial transportation system.
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