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ABSTRACT The progression of low-carbon aviation policies and the maturation of electric vertical take-off
and landing (eVTOL) technology have engendered considerable prospects for the advancement of short-haul
intercity and intra-city transportation systems. To harness the potential of eVTOL travel in ameliorating
transportation carbon emissions and alleviating ground transportation congestion, the judicious selection of
optimal eVTOL stop sites emerges as a pivotal consideration. This study delineates a framework for the
delineation of intra-city and short-distance inter-city eVTOL site selection predicated on comprehensive
analysis of ground transportation system interconnections. The initial phase of the framework entails the
identification of potential optimal take-off and landing sites through a multi-faceted assessment of factors
encompassing vehicular and passenger traffic flows, regional economic dynamics, travel behavioral patterns,
and prevailing eVTOL flight regulations across heterogeneous ground transportation networks. Employing
an enhanced iteration of the K-means algorithm, this phase undertakes the clustering of optimal takeoff
and landing locations, thereby discerning their spatial distribution to effectively alleviate ground traffic
congestion while aligning with eVTOL vertical port requirements and airspace regulatory mandates. The
second phase involves the establishment of a demand gravity model to validate the optimal take-off and
landing coordinate sites of eVTOL and further assess a service index indicative of traffic flow optimization.
The case shows that six optimal eVTOL take-off and landing locations have been discerned by our model
within the Beijing-Tianjin-Xiong’an (Hebei) region. These locations are anticipated to yield a cumulative
service index of 75,465 instances, thereby efficaciously mitigating travel pressure on ground transportation
infrastructure.

INDEX TERMS Urban air mobility (UAM), electric vertical take-off and landing (eVTOL), takeoff and
landing sites, multi-factor site selection.

I. INTRODUCTION a comprehensive travel time index of 4.04 minutes per
As urbanization accelerates, the rise in urban population and kilometer, with an average congestion coefficient of 4.65 [1].
the saturation of conventional transportation modes contribute In London 2022, people spent an additional 156 hours on
to worsening traffic congestion. For instance, in Beijing, road each year due to traffic congestion [2]. In San Francisco,
rushing hours from 7:00 a.m. to 10:00 a.m. have witnessed residents spend an average of 230 hours annually commuting
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between home and work, leading to a loss of 500,000 hours
of productivity [3]. Despite the robust capabilities of subway
and intercity high-speed railways, their capacity are strained
due to surging demand, as evidenced in prolonged crowding
during peak hours in Beijing’s metro and on intercity railways
[4]. Moreover, the transportation sector’s carbon emissions are
escalating, with projections indicating a potential increase of
13 million tons in global CO; emissions if electric vehicles
were replaced by traditional fuel vehicles [5].

Currently, there is an urgent need for a feasible solu-
tion to address the environment issue caused by traditional
transportation and deal with the conflict between limited
transportation resources and the continually expanding trans-
portation demands.

Urban Air Mobility (UAM) which provides on-demand op-
eration service for inter- or intra-urban transport is the most
effective method in alleviating environmental problems, due
to the use of electric vertical take-off and landing aircraft (e V-
TOL), which utilizes electric propulsion, the most promising
technology in addressing environmental problem asserted by
the Aerospace Industries Association (AIA) [6].

Besides, according to the Urban Air Mobility Market Study
[7] of NASA, the UAM will be an effective way in allevi-
ating ground transport pressure and its market is expected
to become profitable in 2028, with an estimated 740 million
passenger trips by aerial buses by 2030, and it is projected
to handle 500 million last-mile delivery transport services by
2030 which may create billions of dollars.

Numerous countries have implemented policies to foster
the advancement of UAM. Examples include the FAA’s “Avi-
ation Climate Action Plan” [8] (2021), China’s incorporation
of civil aviation development in its “14th Five-Year Plan” [9]
(December 2022), and the European Commission’s support
for the “ReFuelEU Aviation” proposal [10] (April 25, 2023).

To carve out a share in the vast urban air traffic market,
several industry endeavors have been undertaken to develop
their eVTOL aircrafts. Successful trials have been conducted
on various eVTOL models, including the Joby Aviation S4,
Geely Aerofugla AE200 X01, E-Hang 216S, and Xpeng X2
(Table 1). The Joby Aviation S4, for instance, employs either a
vector thrust or tilt configuration, integrating wings and vector
thrusters to provide both lift and thrust. In contrast, the Geely
Aerofugla AE200 X01 features a composite wing configura-
tion, with distinct wings for lift generation and thrusters for
propulsion. The E-Hang 216S and Xpeng X2, on the other
hand, employ a multi-rotor configuration devoid of wings,
relying solely on propellers for lift.

The foregoing discourse (Table 1) illustrates that the speed
of these developed aircraft is at least 130 km/h which is 2-3
times the normal driving speed of cars in cities and thus could
spare at least twice the time. Besides, as the distance between
cities of short range is at most 130 km (Beijing-Tianjin;
Calais-Dover; San Diego-Los Angeles are 130 km, 30 km,
120 km correspondingly), it is feasible utilizing eVTOL
for short-distance intercity transport. Pertinent research also
underscore the manifold advantages of eVTOL technology,

VOLUME 6, 2025

TABLE 1. The Performance of Different eVTOLs

. Range Speed .
Type Configuration (km) (km/h) Capacity
Joby
Aviation S4 ﬁ 161 322 4 passengers

Vector thrust
Geely : : s
Acrofugla 200 264
AE200 X01 passengers
Composite wing
= —0—\
E-Hang A *i 2 passengers
216S X/ 35 130 or

220 kg cargo
Multitrotor

;f*\
Xpeng X2 XS 76 130

Multi-rotor

2 passengers

including noise reduction, environmental sustainability, and
enhanced speed [11] relative to ground transportation,
alongside superior safety and comfort [12] levels.
Consequently, eVTOL holds substantial potential for
facilitating efficient and environmentally sustainable travel.

Given the significance of eVTOL, there is a palpable
need for the strategic design of infrastructure, particularly
vertical take-off and landing stopping sites (vertiports), to
underpin their efficient operational deployment. Different
with ground transportation modes (bus, metro et al), UAM
has the characteristic of high safety sensitivity, real-time
response to demand and is constrained by many technological
factors such as noise, airspace structure, urban terrain in low
altitude. Therefore, selecting specific takeoff and landing sites
for eVTOLSs in urban areas is challenging yet essential.

In recent years, there has been a discernible surge in
academic inquiries focused on optimizing infrastructure to
accommodate the evolving paradigm of eVTOL transfor-
mative transportation modalities. Fadhil et al. [13] under-
took an initial categorization of vertiports into three distinct
typologies—vertipads, vertiports, and vertihubs—based on
their respective spatial dimensions. Subsequently, leverag-
ing geographic information systems (GIS) data from urban
centers such as Los Angeles and Munich, they applied an
analytic hierarchy process (AHP)-Delphi method to discern
potential regions conducive to vertiport development, taking
into account various factors including population density, ver-
tiport layout, and noise pollution levels. These considerations
were further explored by Taylor et al. [14] in their empirical
investigation centered on Washington D.C. Addressing the
intricate challenge of optimal location selection for vertiports,
Nikhil et al. [15] formulated and resolved two distinct op-
timization problems—namely, capacitated and uncapacitated
vertiport siting—through the employment of Mixed-Integer
Programming methodologies. Meanwhile, Matthew et al. [16]
approached the location selection conundrum by formulating
a binary integer programming optimization model, with the
cumulative time saved in commuting serving as the principal

217



WANG ET AL.: OPTIMIZING URBAN AIR MOBILITY: A GROUND-CONNECTED APPROACH TO SELECT OPTIMAL

objective function. Furthermore, Xin et al. [17] undertook
a rigorous investigation into the optimal sensor placement
within vertiport infrastructure, employing D-optimal criteria
to identify locations that would yield the highest received
signal strength. Despite the notable advancements in these
studies, it is noteworthy that none have conclusively de-
termined the precise positioning of vertiports within their
respective urban landscapes.

In efforts to determine optimal vertiport locations, sev-
eral studies have been conducted, each employing diverse
methodologies and considerations. For instance, Jeong et al.
[18] utilized population statistics from Seoul to employ the
K-means algorithm in selecting 40 from 100 potential verti-
port locations. Subsequently, they refined these selections by
incorporating noise considerations. Similarly, Zhigiang W et
al. [19] utilized travel demand data from Florida to develop an
Integer Programming (IP) model aimed at minimizing total
cost while identifying candidate vertiport sites based on travel
demand-vertiport location dynamics. Eva F et al. [20] identi-
fied two primary vertiport locations at Cologne Bonn Airport,
considering legal requisites as part of their selection process,
and subsequently evaluated these locations through simulated
experiments. Maurilio M et al. [21] proposed a stochastic
geometry-based model to address the allocation of terrestrial
and aerial base stations, ensuring equitable wireless network
coverage across urban and suburban areas. Conversely, Lan-
don C et al. [22] employed five heuristic algorithms, including
Elimination, Greedy, Maximal Edge-Weighted subgraph, and
Greedy algorithms with updates, to address vertiport location
challenges in various U.S. regions. Additionally, they inves-
tigated the interrelationships among battery range, vehicle
speed, and vertiport numbers. While these studies successfully
identified vertiport locations while considering factors such as
travel demand and cost, they generally overlooked the specific
requirements pertinent to vertiport siting.

To assess the compliance of vertical takeoff and landing
(VTOL) sites with requisite standards, various factors such as
the size of the vertiport, influenced by its layout and geofenc-
ing, have been thoroughly examined by Patrick B et al. [23].
Their study provided detailed insights into the infrastructure
requirements of vertiports and evaluated their dimensions to
ensure adequate functionality. Building upon this foundation,
suitable parking arrangements for vertiports within European
contexts were determined based on their respective sizes. Sim-
ilarly, Brunelli et al. [24] conducted a comprehensive analysis
of the impact of vertiport size on location selection. Moreover,
in an effort to minimize the total distance between demand
points and vertiports, he introduced a warm start technique-
based K-means algorithm for vertiport localization, which was
further refined and implemented in the algorithmic framework
developed by Kai et al. [25]. In a sequential approach, Jachyun
et al. [26] initially filtered out unsuitable sites for vertiports,
followed by the application of an analytical hierarchy method
to discern the priority among candidate locations. Addressing
the stability concerns of unmanned aerial vehicles (UAVs)
during flight, Charbel H et al. [27] employed computational
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fluid dynamics (CFD) simulations with an unstructured mesh
to model airflow dynamics, yielding insights into the crucial
role of thrust control strategies in stabilizing both thrust and
altitude during UAV operations.

Given the pivotal role of vertiports in enhancing inter-
modal connectivity, Jussan K et al. [28], [29] incorporated en-
vironmental constraints and integration with aviation airports
into their selection process. Furthermore, Baishali R et al.
[30] underscored the importance of integrating vertiports with
existing transportation infrastructure. Their study developed
a composite optimization model to identify optimal vertiport
locations and quantities in San Francisco, with a focus on
minimizing distances between vertiports and bus stations.

The aforementioned studies have predominantly focused
on specific aspects such as the influence of noise, travel
demand on location selection, with their aim at maximiz-
ing the revenue. However, there lies a significant vacancy in
systematically analyzing the technological requirements for
establishing vertiports. Ignoring the influence of technical re-
quirements such as airspace structure, terrain, climate, grid
capacity et al when selecting vertiport locations can not only
disrupt the normal lives of surrounding residents but also pose
a threat to the safety of eVTOL operations. For example, a
lack of accurate assessment of surrounding obstacle heights
and weather conditions when selecting vertiport locations can
result in aircraft colliding with obstacles. Neglecting airspace
constraints at selected locations can lead to eVTOLSs being
unable to take off and land safely. Therefore, it is of great
importance to have technical restrictions thoroughly analyzed
ahead of demand and revenue. The contributions of this paper
are delineated as follows:

e Addressing the oversight of technical constraints during

the selection process of landing and takeoff sites.

¢ To utilize a comprehensive model to determine the opti-

mal location for the vertical landing site, while ensuring
technical constraints. Firstly, we introduce a multi-factor
screening model to eliminate areas that dissatisfied
with technical constraints and identify potential demand
points. Subsequently, we employ an improved K-means
algorithm to precisely identify the optimal position for
the vertical take-off and landing field.

¢ To develop a test model to evaluate the feasibility of eV-

TOL vertical takeoff and landing operations and assess
their potential in alleviating ground traffic pressure.

The subsequent sections are outlined as follows. Section II
provides the methodology and illustration of the proposed
model. The first step, which is demonstrated in Section II Part
B, is to remove the areas that dissatisfied with the technical
constraints from the entire map. Secondly, various demand
factors mentioned in Section II Part B (2) have been inves-
tigated to construct a thermal dynamic plot and filter the
potential demand points. The third step is to determine the lo-
cation of vertiports utilizing an improved K-means algorithm
in Section II Part C. Besides, to evaluate the feasibility of ver-
tiports, testing model in Section II Part D has been leveraged.
Section III presents case studies based on data from Beijing,
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Tianjin, Xiong’an (Hebei). Lastly, Section IV encapsulates the
conclusions.

Il. METHODOLOGY

This section presents a comprehensive model aimed at select-
ing and evaluating eVTOL takeoff and landing sites. A model
serving potential demand to the greatest extent while ensuring
safety has been proposed. The process of this model is as
follows. The first step is to determine the dominant factors and
remove the areas that dissatisfied with technical constraints
from the map (Section B Part (1). Then, demand points have
been investigated and filtered to form a thermodynamic chart
(Section B Part (2). In the second step, an enhanced K-means
algorithm is developed based on demand to identify the opti-
mal locations for vertical takeoff and landing sites (Section II
Part C). Finally, an evaluation model is applied to rigorously
assess the efficiency of this location selection method and
possible served demand under this vertiport layout (Section II
Part D).

A. SYMBOL
The parameters involved in this article have been demon-
strated in Table 2.

To ascertain the location of vertiports, factors that affect
the selection problem of vertiports most need to be firstly
determined. Factors considered in recent researches on this
problem have been displaced in Table 3.

It can be observed from Table 3 that most of the stud-
ies concern noise & privacy, obstacle, commuting demand,
available space, and transfer convenience. However, no con-
sensus has been reached on population. Owing to the high
cost of eVTOLs in the short term, to benefit from them,
Fadhil D. N. [13] and Brunelli M. [24] suggest that only
the high-income population should be considered, since those
who have the ability to afford eVTOLs will mostly be from
the high-income population. J. So [26] supposed that both
permanent population—no matter their income—and floating
population should be considered. To balance the service fair-
ness for people to take eVTOL and revenue, both of income
(which may be reflected by GDP of this region) and the per-
manent population have been considered in this research.

Moreover, few research has considered factors of conges-
tion, transportation demand, climate and airspace. However,
as an emerging mode of transportation, urban air mobility
primarily aims at alleviating transportation pressure under
condition where ground transportation is becoming saturated.
Ignoring factors such as transportation demand and conges-
tion condition will lead to disability in relieving transportation
burden especially during peak hours. While neglecting the
constraints of climate or prohibited airspace will cause eV-
TOL to be unable to takeoff during the majority of a year.
Therefore, factors of congestion, transportation demand, cli-
mate and airspace have also been concerned in this study.

Lastly, according to “Technical Requirements of Civil Ver-
tiports [31] the infrastructure around vertiports should have
the ability to support the operation of vertiport. Similar to
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conventional aviation airport, vertiports also needs to provide
essential services such as Communication, Navigation, and
Surveillance (CNS), as well as maintenance and charging
facilities for eVTOL aircrafts. Therefore, factors that have not
been mentioned in most studies such as adequate grid power
capacity and signal strength of CNS system have also been
considered in this research.

In summary, factors of noise & privacy, obstacle, commut-
ing demand, available space, transfer convenience (reflected
by time to transportation hub according to the research of [16],
[23], [24], [26]), congestion, transportation demand, climate,
airspace, CNS signal and grid capacity have been selected as
the key factors in determining the location of vertiport and
will be further discussed below.

B. VARIABLE MODELING

The initial step involves removing the technical unsuitable ar-
eas and demand points based on technical criteria and demand
criteria.

1) TECHNICAL CRITERIA

Although the establishment of vertiports should take the de-
mand of a specific area into account, the complexity of urban
low-altitude environment necessitates prioritizing the evalu-
ation of whether the selected locations meet the operational
conditions for eVTOL takeoff and landing to ensure their
safe operation. Therefore, this article prioritizes technical con-
straints over demand considerations.

The technical criteria below were proposed on the basis of
“Technical Requirements of Civil Vertiports [31]”and previ-
ous research [13], [14], [15], [16], [17], [18], [19], [20], [21],
[22], [23], [24], [25], [26], [27], [28], [29], [30], [31] men-
tioned above and were demonstrated in Fig. 1. To determine
whether a candidate vertiport site meets technical require-
ments, a binary variable (f;) was introduced. Those whose
condition dissatisfied with the following constraints will be
removed from the map in advance.

Terrain constraints: Due to the need to report the utilization
of land resources to local governments for verification of com-
pliance with land use policies and regulations, the surrounding
terrain such as its available size must be investigated [23],
[31]. Besides, as eVTOL has to surpass urban architectural
complex while takeoff and landing, the vertiports should have
a good clearance condition for eVTOL to takeoff and landing
safely and prevent the collision with buildings around [31].
Therefore, the height of surrounding obstacles should also be
taken into account. Those areas whose available size (As;)—
acquired from Geographic Information System(GIS)— fall
below a specific limitation or surrounding obstacles’ height
(Oh;) lie beyond a certain requirement should be disposed as
(1) and (2)

fi x As; > Stgize (1)
fi X Ohi < Stheight 2
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TABLE 2. The Definition of Different Parameters

Symbol Definition Related in Symbol Definition Related in
y (Unit) which parameter y (Unit) which parameter
The available The amount of
As; size of region i Terrain m road sections in Congestion
(m?) region i
Additional Obstacles’
At; transport time in Congestion Oh; height in region i Terrain
region i (min) (m)
Attractive index Demand The power
Atri multiplied by - needed to charge a . .
i ave density(D)) P, single eVTOL Grid capacity
GDP value in Service (kW) )
B district i (billion demand( pd ) lTh? commercial
CNY) P. ¢ ectrlg}tly pricen Ticket price
The commuting Commute 1na
Cd; demand in region i (CNY/ kWh)
(count) demand The available
The congestion P grid power in Grid capacity
. . region i (kW)
Cgi coefficient of road Congestion .
. The total grid . .
section i P. Grid capacity
power (kW)
The total .
o Demand The grid power
D; demand density in . . .
. 5 density P, that has been Grid capacity
i (count/km?) e
. utilized (kW)
The great circle .
di b Servi The grid power
djj 1stapce (?tweep ervice Py needs to be Grid capacity
vertiport i and j demand reserved(kW)
] (km) The amount of
]_) 1stance gr_gm P people in region ¢ Population
d vertiport candidate Noise (count)
sites to ~resldennal The input
bulldlngs {en) P; power of the Grid capacit
a The wingspan Noise " selected pacity
of eVTOL (m) region(kW)
Ed The Euclidean Attractive The power
v distance of i andj index p generated in the Grid it
The error of this pg selected rid capacity
e Error
proposed method region(kW)
A binary Passenger
variable which P served between Service
p equals 1 if the Vertiport Y vertiport / and j demand
' candidate site is location (count)
selected, O pi The number of Population
otherwise. residents live in
The passenger district‘ i
R flow of Transportation The radius of Demand
transportation hub demand r the specific densit
Yy
i(count) demand area (km)
. The ratio of
T}tl)el g.eneratl\./te Demand " additional travel Congestion
§ variabie I gravity density ' time to unblocked &
model travel ti
Optimal r;lﬁe me £
: Output e size o .
k vertiport amount parameter N specific area(km?) Congestion
(cpunt) The signal
) The 1n.1pedan.ce Service Sri reception strength CNS
imp variable in gravity demand in region i
mO(Iiel ' Standard i to
The alrcraft S ) evaluate whether a d
Linax maximum noise Noise Sti demand point or dZEIinltem
(dB) vertiport should be Y
The noise excluded
Len produced by the Noise Sum of
environment (dB) passenger flow in T cati
The noise T transportation r(ajlnsporda ion
L experienced by Noise stations of region i eman
residents (dB) (count)
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TABLE 2. Continued.
Svmbol Definition Related in Symbol Definition Related in
ym (Unit) which parameter Y (Unit) which parameter
Total ground Walking time to
TOL . i
pressure eVTO Service the transportation Transfer
Td alleviates under demand Wt stations locating .
this vertiport near vertiports convenence
layout (min)
The ticket price The Beaufort
tij from vertiport i to Ticket price W scale wind force in Climate
J (CNY) region i
The unblocked . The longitude Output
transport time on . ! of vertiport parameter
Ubi road section i Congestion . The latitude of Output
(min) i vertiport parameter
The amount of o,B,C Coefficients of Service
passenger visiting . gravity model demand
. Tourism .
VP; scenic spots that which could be
. Lo demand
locate in region i computed by least
(count) square method
isibility i . ight of
Vis The.v151jb111ty n Climate Welg no Demand
region 7 (m) Yi demand 7 in the densit
The amount of . total demand. y
W . Commuting
/ people working in
L demand
region i (count)
TABLE 3. Factors Considered in Recent Researches
Factors
Transfer time
Research . Noise & . . . Commuting  Transportation  Available to
Airspace Privacy Congestion  Climate  Obstacle  Population Demand demand space Transportation
hub
Fadhil D. x v x x x v v v x v
NI
Daskilewicz « « « « « « v « < v
M6l
Jeong Jus) x v v x x x x x x x
Bruesberg v v x x v x x x v v
pi23l
Brunelli
ME4 v v X x v
J. Sol26] X v v v %
Rahman
B x x x x v v

The vertiport containing a 23 m pad is a square with sides
of 30 m in length [23]. Besides, according to the document
published by EASA [32], vertiport has three kinds of takeoff
procedure: Elevated Conventional Takeoff (EConvTO), Con-
ventional Takeoff (ConvTO), Vertical Takeoff (VTO), while
the VTO is recommended for the operation of urban city. A
30.5 m vertical take-off altitude is required in VTO takeoff
procedure before climbing [31] (Fig. 2) and the obstacle sur-
face within 100 m cannot exceed 12.5 m above the elevation
height [23]. Therefore, the position where vertiport locates
should have at least 900 m? in size (St5i2.=900 m2), and
the obstacles around cannot exceed the platform by 43 m
(Stheighy=43 m).

Noise (DB;): In order to avoid disrupting the normal lives
of surrounding residents [18], the noise level experienced
by residents around the takeoff and landing sites must be
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considered [31]. In this study, noise is calculated through (3),
where Lmax 1s the maximum noise eVTOL could produce;
d; is the wingspan of eVTOL and d» is the distance from
candidate sites to residential buildings, hospitals, sanatoriums
nearby. If the noise levels experienced by residents exceed
the requirements set by various governments regarding
commercial noise emission standards (St,,ise), Which is
75 dB in China [33] and 65 dB according to NASA [34], the
candidate vertiport site should be abandoned as (4) illustrates.

d
L; = max {Lmax — 20log;, (d_2> ,Len} 3)
1
- 1 Ll =< Stnaise
fi= {0 otherwise @)
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FIGURE 1. Technical constraints considered in this work.
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FIGURE 2. The layout of an eVTOL take-off and landing pad and the size and requirements of a single pad vertiport [23], [32].

Airspace constraints: Considering the prohibited (Prh) and
restricted (Res) zones that protect government departments
and military secrets, which may intersect with the eVTOL op-
erating area in low-altitude airspace, it is necessary to account
for airspace structure when identifying vertiport locations.
Although some restricted zones do not constrain aircraft from
entering at all times, to maximize the operational duration
of eVTOLSs for revenue generation, it is crucial to consider
these zones. Therefore, if the chosen area overlaps with any
restricted or prohibited zones, it should be eliminated from
consideration (5).

1 (xi,yi) ¢ (Prh U Res)
0 otherwise

fi= ®)

In addition, according to documents released by CAAC
[35], airspace above 300 m will be entirely used for low-
altitude economic development and eVTOL operations. How
to grid this airspace to maximize utilization efficiency while
ensuring safe distances between eVTOLSs is an issue that is

independent of the vertiport sites selection and is equally
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important as site determination. Thus, the issue of airspace
planning has not been considered in this study.

Grid power limitation: As it was demonstrated in [31],
[36], the vertiports should be equipped with maintenance and
charging facilities for the arriving eVTOLs. Therefore, to
ensure that the eVTOL could be charged at vertiports, the
grid should accommodate at least one eVTOL for its charging
behavior (6). The available grid power P{* can be acquired
through subtracting the total grid power Pg from the power
utilized P, and the power that needs to be reserved for safety
concerns Py which is 5% of the total capacity [36] (7). Herein,
the total grid power Pg can be calculated by adding the annual
power generation P, with the input power P;, in this region
(8). These data could be available after the negotiation with
local governments.

P = P, (6)
Where:
P¥ = Pg — P, — Py =0.95P; — P, @)
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TABLE 4. The Value of Technical Standards Related in Vertiport Selection

Standard (St,) Value
St:ize 900 Il’l2
Sthcight 17m
St/wi:(’ 75/65 dB
St:ignul 33 dBm
Styisivitiny 1,219/1,000 m

CNS constraints: Due to the complex terrain, and vari-
able weather conditions in urban low-altitude areas, a high-
precision communication navigation and surveillance (CNS)
system is needed to monitor eVTOL dynamics and sur-
rounding environmental conditions continuously and stay
connected. However, CNS system signals could be blocked
by the buildings in urban areas, and there is a significant
amount of interference from broadcasting and mobile signals
[31], [37]. Therefore, before establishing a takeoff and landing
site (f;=1), it is essential to ensure that the minimum signal
reception strength Sr; within a year at that point is higher than
a certain threshold. According to the survey of M. Cenk Ertiirk
et al. [38], to ensure the communication connectivity between
eVTOL and vertiports, 33 dBm transmitter output power and
43.2 dBi transmitter antenna or a 39.7 dBi receiver antenna
will be required (St;g,/=33 dBm).

Sri > fi X Stsignal )

Climate restriction: Similar to aviation aircraft, eVTOL
also has a high requirement on wind and visibility [31]. Strong
wind or low visibility can easily cause eVTOLs to deviate
from their intended flight path, posing a safety threat. There-
fore, it is essential to investigate the visibility and Beaufort
scale (an index to reflect wind force) in the selected area over
the past month before establishing a vertiport. According to
the documents [32], [39] published by FAA and EASA the
required visibility (Styisipiiry) for eVTOL to take-off and land-
ing is at least 1219 m, 1000 m correspondingly. Area whose
annually minimum visibility dissatisfied with the visibility
requirement needs to be disposed.

Visi > fi X Styisibitity (10)
Ji x W fi < Styina (11)

The standards mentioned above were further demonstrated
in Table 4.

2) DEMAND CRITERIA

In the second step of this model, in order to determine the
location of vertiports, a thermodynamic chart has been devel-
oped to reflect the distribution of these demands (commuting
and tourism) and transport conditions such as congestion con-
dition, passenger flow of transportation hubs et al. In the
process of developing this thermodynamic chart, all the scenic
spots, Central Business District (CBD), transportation hubs et
al are deemed as demand generation points (12). However,
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since the demand at a specific point may consist of both the
local demand and the demand from nearby areas, it is neces-
sary to define a circular area R; with a radius r to accurately
calculate the total demand [40], [41], [42] (13). For places that
locate beyond this circle will have no demand contribution
to this demand generation point. In this article, an attractive
function (Atr), which reflects the demand composition within
this area, was designed according to [39] as (14) illustrates
where Edy, is the Euclidean distance between the place and
the centroid of R;, which is also the demand generation point.

R = {Cd;,Td;, T;, P;} (12)
S=mxr’ (13)
1 Ed,. <50
0.75 50 <Ed;. < 100
Atr= {05 100 <Ed,, < 150 (14)
0.25 150 <Ed;,. <200
0 Edy, > 200

After determining the demand composition of this demand
generation point, various demand could also be investigated
and calculated.

Commuting demand (Cd;): As mentioned earlier, urban
ground traffic experiences enormous passenger flow during
morning and evening peak hours, thus commuting demand has
been introduced into this model. In this research, a commuting
demand is regarded to generate only if the commuter works
within the specific area of a certain demand generation point
mentioned above.

Cd = {Cd|W; € R;} (15)

However, as only represent the amount of people who
works in this region (W;) can be obtained from the platform,
thus a ratio is needed to estimate the commuting demand
based on its distance to the centroid of R; and (14). The com-
muting demand (Cd;) within this area (R;) could be calculated
leveraging (16)

Cd; = ZW’ x Atr; (W; € R;) (16)

Tourism demand (Td): 1t is also essential to take tourism
demand into account especially during holiday, due to the
huge number of tourists. Similar with commuting demand,
tourism demand is established when scenic spot locates within
the specific area.

Td = {Td|VP; € R} (17)

Owing to the same reason mentioned in commuting de-
mand, tourism demand (7d) was acquired through multiplying
the tourist flow in scenic spots (VP;) collected from platform
by a ratio Atr; according to its distance to the centroid of R; as

(18) demonstrates.
Td; = ZVP,- x Atri (VP € R;) (18)

Transportation demand: To enhance the inter-model con-
nectivity and make it convenient to transport, the volume of
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passenger flow of some important transportation hubs (7;)
such as metro station, railway station, airport et al were in-
troduced into this model. The passenger flow of transportation
hub (7;) in this article was computed by accumulating the flow
of transportation hub (F;) within the selected area R; (19).

T = ZF,- x Atr; (F; € R;) 19)

Population (P;): Population has a great impact on the size
of market eVTOL operates, therefore, population of different
regions are considered [19]. Population (P;) is the total num-
ber of residents in all administrative districts (p;) within this
area.

Pi=ZPi(Pi €R))

Transfer convenience: Moreover, to ensure optimal accessi-
bility for passengers transitioning between eVTOL and other
transportation modes, careful consideration must be given to
the walking time (Wt;) from vertiports to transportation sta-
tions. Vertiports exceeding a predefined threshold in terms of
walking time (St;,,.) acquired through Opinion Poll, to the
nearest transportation station, as specified by (21), warrant
appropriate disposal measure [41].

(20)

(I = fi) x Wt; = Stijme (2D

Congestion Condition: As mentioned in Section I, UAM
has great potential in alleviating ground traffic burden, to
better leverage its effectiveness and mitigates the pressure of
ground transportation especially in rushing hours, additional
transport time (Af;) has been introduced to reflect the conges-
tion condition of each road section. The additional transport
time is calculated as follows.

1) Average the congestion coefficient of roads: Given that
congestion index serves as a straightforward parameter
reflecting road congestion conditions and is easily ob-
tainable. The congestion coefficient was employed in
this research to indicate the level of pressure on ground
transportation. Then the congestion coefficient of each
road section is collected and summed altogether to ac-
quire the sum of congestion coefficient which is further
divided by the amount of road section n; as (22). The
variable Aver; obtained in (22) was utilized to represent
the congestion coefficient of the selected area.

ny .
Aver, — 2i=1 C8i
ni

(22)

2) Calculate the additional transport time: Based on the
average of congestion coefficient (Aver;) and Table 5
[43], [44], the ratio of additional travel time to un-
blocked travel time(rt;) can be obtained. Through mul-
tiplying rt; with the unblocked travel time (Ub;), which
can be acquired from map software such as Google
Maps and Amap et al, the additional travel time within

this region can be gained (23).
At; = rt; x Ub; (23)
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TABLE 5. The Relation Between Congestion Coefficient and the Ratio of
Additional Travel Time to Actual Travel Time

the ratio of additional travel

Congestion coefficient time to unblocked travel

time(rt;)
0~2 0
2~4 0.2~0.5
4~6 0.5~0.8
6~8 0.8~1.1
8~10 >1.1

After compiling the amount of various demand, Analytic
Hierarchy Process (AHP) method is utilized to evaluate the
weight y of each demand factor and formulate a formula
to integrate these parameters into a single demand variable
[13], [24] to plot the thermodynamic chart with each demand
generation point as a demand point.

The equation to calculate the demand density of a poten-
tial demand point considering variables mentioned above was
demonstrated in (24) [14], [25], where y implies the weight
of variable in the total demand.

(P x yp+ Ti X yra + Cdi X ycq + Aty X yar)
S

As vertiport is an airport designated for eVTOL to transport
passenger, thus only when a potential demand point whose to-
tal demand density (D;) lies above a certain standard (S?gemand)
can a vertiport be established around. The potential demand
points with their values demand density inconsistent with (25)
will be excluded.

D; = 24

D; > Stiemand (25)
C. ALGORITHM DESIGN

A modified K-means algorithm, which incorporates the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) method [45],
was developed using the filtered demand points’ longitude
and latitude coordinates as input parameters. This approach
aims to identify vertiport locations, thereby reducing the need
for additional time-off from passenger travel services when
using eVTOLs, while maximizing the Euclidean distance
between vertiports to expand the service area. Although this
could also be achieved through K-means algorithm as the
cluster number k and the lon-lat coordinates of the demand
points are fixed. Owing to lack of initial optimal clustering of
these demand points, the K-means clustering algorithm can
have multiple results.

As demonstrated in Fig. 3 to exercise this algorithm, the
optimal number of clusters k, which is also the optimal num-
ber of vertiports, needs to be ascertained firstly. Assume that
{A; ;A2 ,...,A, } represents the lon-lat vector coordinates
of the demand points filtered by (25) and (29). The vector
coordinates of several cluster centroids, {u; , 2, ...pk },
represent the locations of vertiports. The optimal number of
clusters k was determined using the elbow method, which
minimizes the sum of squared errors (SSE) where SSE is
calculated as the sum of squared distances from each demand
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Find the location of &
amount of centroids

Input: Pedestrain flow,

terrain, climate, Randomly select &

based on K-means
algorithm

Calculate the distance
between centroids and
demand points Ed,;

Move the centroid u
toward demand point 4
by several kilometers

YES NO

Whether Eq. (31)

Output: The location . .
P is satisfied

of vertiports

FIGURE 3. The flowchart of this proposed algorithm.

TABLE 6. Algorithm of Elbow Method

Algorithm: the optimal number of vertiports
Step 1: Determine the lon-lat coordinates matrix of demand points
Compute the demand density(D;) of each demand points, if D;=St add
the lon-lat coordinate of the demand point into the matrix.
Step 2: Identify the location of cluster centroids x
for k€ the range of k do
Acquire the location of cluster centroids through K-means algorithm
end for
Step 3: Identify the optimal number of &
for k€ the range of &k do
Calculate the square of Euclidean distance between demand point 4
and the vertiport ¢ under different &
end for
Find the minimum value of SSE and its corresponding .

point to its assigned vertiport cluster w, as shown in (26) and
(27). Where ||5: — (wy)] is the Euclidean distance between
demand point A and its assigned vertiport . The pseudo code
is demonstrated in Table 6.

k = min SSE (26)
K K 2
SSE=3Y"Y" H,\ - ,z(wk)H 7
=1 Jea,

Take k and the lon-lat coordinates of these filtered de-
mand points as input, a feasible cluster and its corresponding
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congestion coeffiecient, amount of centroids

GDP, population

Optimize these
centroids using K-
means algorithm and
calculate SSE

Filter the demand
points based on Eq.
(29)

ether the uppe k=k+1
bound of & has

been reached

Move the centroid x

toward the opposite

direction away from
these area 4 km

geometric centers—which are also the position of candidate
vertiports—were selected arbitrarily from the results of K-
means algorithm. To maximize vertiports service area and
make it convenient for passenger to travel, (28) and (30) have
been established. As K-means algorithm utilizes maximizing
the distance between different cluster centroid w, therefore,
the distance between vertiports © and demand points A (30)
is the only distance constraint considered in this algorithm as
Fig. 3 demonstrates. Those centroids © whose distance from
demand points A lies beyond a certain distance Stz will be
moved towards the demand point within cluster @ that has
the longest distance from p by several kilometers until (30)
is satisfied (Fig. 3).

Once the vertiport sites are fixed, the framework solves a
set of BFGS problems with vertiports’ longitude and latitude
coordinates serving as input parameters to meet the technical
constraints (31). If the solution of BFGS problems dissatisfies
the technical constraints, the algorithm will search towards the
regions that meet the technical constraints.

The optimization problem is written as follows:

cw
max MZ Edy, , min Y Edy, (28)
HEW] A UED
Subject to:
A € {MDy = Staemanal (29)
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Ed, < St (30)

1€ N {As, > Styize. Ohy < Styeign» E8 = E, , Sry,
= Stsignal,

Visy > Stisipititys W fu < Stwind } (3D

Where:

Edy, = 1A — pll (32
The computational complexity of this developed algorithm
is related to its cluster amounts, iteration times, the number
and dimension of parameters according to [46].
The flow chart of the developed algorithm is displaced in
Fig. 3.

D. CONSTRUCTION OF EVALUATING MODEL

1) SERVICE DEMAND FORECASTING MODEL

A forecasting model has been constructed to calculate the
service passenger (Pd;j) between two spots and quantify the
extent to which eVTOL mitigates ground transportation pres-
sure, shown as (33).

InPdij=InC+) (i xIng)— Y (i x Inimp;) (33)

As GDP reflects the income and wealth of this region, it
has a positive effect on total passenger demand. Therefore, g;
utilized in (33) is the GDP product of district i and j where
two vertiports locate [47]. Besides, the passenger demand is
also negatively affected by the ticket price and distance be-
tween vertiports. Thus, the impedance variable (imp;) in (33)
is ticket price and distance. Ticket price in gravity model was
estimated [48] based on (34). The distance (d;;) was calcu-
lated leveraging Haversine formulation (35)-(39) based on the
lon-lat coordinates of vertiports in this study.

tij= (2x 107 x P, +0.0653) x d;; + 140 (34)
dlat = lat (j) — lat (i) (35)
dlon = lon (j) — lon (i) (36)

dlat\?
a = sin (Ta) + cos (lat (i) x cos (lat (j))
. (dlon 2
X sin 37
2
¢ =2 x arctan (v/a) (38)
dij =6371 x ¢ (39)

The forecasting model (33) considering these variables [45]
can be further illustrated as (40).

InPdjj = —6.73+0.41InB;; — 1.091In¢;; — 0.341nd;;
+0.784;; 40)
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2) TESTING MODEL

To evaluate the feasibility of the identified vertiport loca-
tions, a testing model was developed based on surrounding
terrain parameters, including available area dimensions, ob-
stacle heights, and walking distances from vertiports to other
transportation stations. Additionally, a demand matrix was
integrated into this model to quantify passenger demand be-
tween different vertiports in the proposed layout. This enabled
the estimation of the total alleviation of ground transport pres-
sure (7d) by summing all elements in the demand matrix, as
specified in (41).

(41)

k
Td=> %" Pd

j=1i=1

Besides, (42) has also been utilized to validate the precision
of this proposed method. Herein, d;; is the average distance
deviation between the vertiports obtained in case study i and
validation case study i’; k is the optimal amount of vertiports
in validation case study and e, the error of this method, is set as
the average of distance deviation in all validation case studies.

_ 7 diy
k

e (42)

1ll. CASE STUDY

Due to the proposed integration construction of the Beijing-
Tianjin-Xiong’an region, many people have started to adopt
a dual-city lifestyle, residing in Beijing while working in
Tianjin. This has led to a dramatic increase in travel de-
mand between Beijing, Tianjin, and Xiong’an. According
to the Beijing Transport Institute’s 2022 report [1], during
peak hours in September 2022, the total traffic volume be-
tween the sub-center and central urban area reached 366100
standard vehicles. Morning peak hours saw 20528 pcu/hour
heading towards the central urban area and 19962 pcu/hour
during evening peak hours. Additionally, the intercity railway
between Beijing, Tianjin, and Hebei operates at 70%-80% oc-
cupancy on weekdays and over 95% on weekends [49]. Based
on these data, it is apparent that the tremendous demand for
intercity travel has led to saturation of highways and railways,
with congestion on highways and difficulties in securing tick-
ets for trains, especially on weekends. Therefore, there is an
urgent need for a new, efficient mode of transportation to serve
the intercity demand. These traffic flows present opportunities
for UAM services, especially considering that certain eVTOL
models (Table 1) have ranges exceeding the distance between
any two cities in the Beijing-Tianjin-Xiong’an region, which
is at most 150 km.

Therefore, the Beijing-Tianjin-Xiong’an (Hebei) region
abbreviates as BTX, was chosen as the focal case. Statistical
data, including longitude and latitude coordinates, population
figures, tourist flow, transportation passenger flow, and
congestion conditions, were gathered and processed from
30 potential demand points within the selected region. The
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FIGURE 4. The coverage of 5G signal in Beijing (a), Tianjin (b) and Xiong’an.

algorithm and model development, simulation, and evaluation
were conducted using MATLAB 2019a.

A. DATA COLLECTION AND PROCESS

The cartographic data for Beijing, Tianjin, and Xiong’an
(Hebei) was sourced from DataV.GeoAtlas. The information
of prohibit and restrict area were collected through Aeronau-
tical Information Publication of China [50].

Firstly, to evaluate whether politics, size and airspace et al
of the selected location meet the requirement of vertiports, the
terrain within the study area was investigated and analyzed.
Those areas that are dissatisfied with technical restrictions will
be removed

It is worth mentioning:

1) Due to its vast territory, China has abundant fossil fuels
and clean energy resources. In Shanxi, Inner Mongolia,
and the northeastern regions of China, there are nu-
merous coal mines used for thermal power generation.
Additionally, the western regions of China, with their
expansive deserts and grasslands, enjoy ample sunlight
and rich wind resources, leading to the establishment
of a large number of wind and solar power genera-
tion facilities. Furthermore, in the southeastern coastal
cities, China has built numerous nuclear power plants,
which can produce mass of electricity annually. More-
over, China’s power transmission system is sufficient to
deliver the electricity generated in various regions to all
parts of the country. Therefore, power that the grid in
any area of BTX can provide far exceeding it requires
to charge a single eVTOL [34] (200-600 kW). Thus,
the grid capacity constraint was not considered in our
case study. Besides, due to the confidential nature of the
electrical grid data for specific districts and counties,
this paper does not provide a detailed discussion here.
However, for countries without enough grid capacity,
this should be carefully evaluated

2) Moreover, with the development of 5G/6G technology
and its characteristic of high transmission speed, high
data security, low latency and high concurrency which
are critical characteristic for supporting real time UAM
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communication, using 5G/6G technology as a com-
munication means between eVTOLs is an inevitable
trend for the future development of urban air traffic, in
China [50]. Owing to the full coverage of 5G signals
in the Beijing-Tianjin-Xiong’an urban regions, CNS
constraints in urban area were not considered as well
(Fig. 4). However, this could contribute to the vertiports
mainly gathered in urban areas.

3) Asthe railways, cloverleaf interchanges, airports always
locate far from residential buildings citizens live and
could produce higher noise compared with eVTOL.
Therefore, if the vertiports are selected close to these
facilities, the noise and privacy concerns it brings to the
citizens could be neglected in this article [24].

These assumptions will result in the majority of vertiport
positions being located in the urban areas of BTX—owing
to the coverage of 5G—near the noisy facilities such as
railways, cloverleaf interchanges, airports. The advantage of
this strategic placement is that the noise of eVTOL will be
masked to the greatest extent and will better serve the travel
demand in urban area. However, there are also limitations
brought by these assumptions: The vertiports selected under
these assumptions may not serve suburban demand better.
Although the travel demand in suburban is lower than urban,
this will cause the inequality between urban and suburban.
Besides, for cities that have not achieved 5G coverage or have
limited grid capacity, these assumptions will need carefully
consideration.

Besides, to ensure the availability to operate, the climate
condition including visibility and wind scale from April 2023
to April 2024 have also been collected. The fluctuate curve of
congestion coefficient, noise, passenger flow, visibility, wind
force in BTX are illustrated in Figs. 5 and 6. Herein, as con-
gestion coefficient and environment noise L., vary with the
location and hours, which is a huge dataset, thus part of these
curves is displaced in Fig. 6. Moreover, to evaluate the noise
constraints, noise of these vertiports have been calculated
based on (3). The noise produced by eVTOL Ly, is 62 dB
when d; equals to 76 m according to the research of Bain J
[52]. The final maps that are suitable for the construction of
vertiports are illustrated in Fig. 7.
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FIGURE 7. Area that dissatisfy (in red) with technical constraints in BTX (a) Beijing; (b) Tianjin; (c) Xiongan.

It can be observed from Fig. 7 that some districts (in red)
in Beijing and Tianjin do not meet the technical requirements
while all the districts in Xiong’an satisfy. For Beijing, area
within The Third Ring Road is prohibit area, what’s more, the
west and north districts of Beijing are situated on mountains.
Therefore, these areas cannot be selected as vertiport candi-
date sites. As for Tianjin, the north of Tianjin also locates near
mountains and thus is removed. Besides, as the south-west
of Tianjin is suburban area which has not yet achieved 5G
coverage and is removed as well. However, owing to the
small size of Xiong’an and its geographic location, which
is situated on North China Plain. It is not hard to achieve
the full coverage of 5G without considering geographic
terrain.

Due to the heterogeneous distribution of population density
and the concentrated presence of tourist attractions, as well
as observable congestion within the Central Business District
(CBD), our study focused its data collection efforts within
a circular area with a radius of 5 km centered on the des-
ignated demand point. As a result, the investigation area, as
outlined in (2), encompasses an area of 78.54 km?. Statistical
data within this area was obtained from municipal author-
ities and the Shuwei platform, while terrain characteristics
and congestion coefficients were acquired from Amap. The
multi-dimensional input parameter related in this article was
demonstrated in Table 7.

As the flight rule for UAM is mainly Visual Flight Rule
(VFR) which result in the fact that eVTOLs cannot oper-
ate during evening or midnight owing to its low visibil-
ity. Therefore, in this research, all the parameters related
with time are investigated within 6:30 a.m. to 17:30 p.m.
each day.

After these data has been processed based on (12)—(23)
and Table 7, the thermodynamic chart could be obtained. The
resultant dataset is presented in Figs. 8 and 9. Figs. 8 and
9 illustrates that various types of demands within the BTX
region are predominantly concentrated within the Central
Business District (CBD), attributed to its dense population and
employment opportunities annually. Furthermore, the subur-
ban locations of airports in Beijing and Tianjin contribute to
notable transportation demand in these areas.
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TABLE 7. Input Parameters of Multi-Dimension

Value

Dimension Name . Unit
max min
Operating 17:30 6:30 —
time period
Tourist
volume in POI 830,000 20,000 count
Passenger
volume of 198,300 70,000 count
Time airport
Passenger
volume of 250,000 38,000 count
metro station
Passenger
volume of 200,000 30,707 count
railway station
Longitude of 1177 1159
demand points
Latitude of 40.14 38.96
demand points
Airspace o o o
structure
Available 43,500 4200 m?
space
. Obstacles
Spatial height 597 18 m
billion
GDP 1102 20 CNY
Population 2,138,570 98,721 count
Commuting 1,283,142 59232 count
demand
Tourism 784,000 0 count
demand
Noise 70 20 dB
Visibility 10,700 1,700 m
Spatial- Wind force 5 0 —
temporal ;
Congestion 8.10 1.61 —
coefficient

B. VERTIPORTS LOCATION SELECTION

1) FILTER THE POTENTIAL DEMAND POINTS

To evaluate the demand of different potential demand points,
the total demand density (D;) was estimated based on (24).
Due to the high volume of commuters and the importance
to construct the comprehensive transport network, the values
assigned to yc4 and yr are the highest both equaling to 0.3.
As not all residents living in this region have the demand to
travel far from their home and only during specific periods
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FIGURE 8. Thermodynamic chart of BTX (a) Transport demand distribution;

TABLE 8. Total Demand Density of Different Potential Demand Points

Potential Total demand Potential Total demand
demand density (D;) demand point density (D;)
point
Pl 8,632.86 P12 1,957.28
P2 4,764.43 P13 1,031.14
P3 5,411.36 P14 1,530.93
P4 2,432.12 P15 1,580.15
P5 5,653.18 P16 7,555.36
P6 3,958.69 P17 1,421.85
P7 1,509.09 P18 4,857.94
P8 2,006.98 P19 2,936.36
P9 1,049.58 P20 2,525.99
P10 1,554.15 P21 1,027.70
P11l 1,948.37 — —

of the year does tourism demand proliferate, the weight of
population (yp) and tourism demand (yr) is the lowest which
is 0.1. The equation leveraged to compute demand density is
as follows.

Die (Pix0.14+7;x0.3+Td; x0.1+Cd; x0.34A1; x0.2)

43
! 78.54 3)

The cumulative demand density is delineated in Table 8.
Demand points characterized by a density of less than 1000
(D;<1000) are deemed insufficient and have been excluded
from subsequent analysis. The positions of both excluded
(highlighted in red) and retained (highlighted in green)
demand points are visualized in Fig. 10. As depicted in
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(b) Tourism demand distribution.

Fig. 10, demand exhibits a propensity to cluster in econom-
ically developed and densely populated areas, such as urban
centers or Central Business Districts (CBDs), aligning with
empirical observations.

2) VERTIPORT LOCATION OF BTX
The data collected from April 2023 to March 2024 in BTX
was utilized as input to identify the location of vertiports in
BTX case study. To identify the optimal number of clusters
(k), the elbow method was employed. The results of this
method are presented in Fig. 11, which illustrates the curve
depicting the relationship between the number of clusters and
the sum of squared errors (SSE). From Fig. 11, it is appar-
ent that the SSE value stabilizes after k=6, indicating that
additional clusters do not significantly improve the clustering
quality. Therefore, based on the elbow method, the optimal
number of vertiports (k) is determined to be 6. Subsequently,
considering the spatial distribution of demand points and the
determined number of vertiports, a refined K-means algorithm
has been utilized to identify vertiport locations. Specifically,
three vertiports were identified in Beijing, two in Tianjin,
and one in Xiong’an, as illustrated in Fig. 12. The variation
in the number of vertical takeoff and landing points across
different regions can be attributed to disparities in economic
development levels, with Beijing exhibiting the highest level,
followed by Tianjin, and finally Xiong’an.

The longitude and latitude coordinates of these vertiports
are demonstrated in Table 9. The location of these vertiports
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FIGURE 9. Thermodynamic chart of BTX (a) population distribution; (b) additional transport time distribution; (c) commuting demand.
TABLE 9. The Lon-Lat Coordinates of Vertiports in Table 9 were abbreviated as alphabet A to F and were
illustrated in appendix correspondingly. The relative position
Location Longitude and latitude between the vertiports and the demand points are shown in
coordinates Fi g 13
A 117.50,39.04 T
B 117.20,39.18
C 116.20,39.84 3) VERTIPORT LOCATION OF VALIDATION CASE STUDIES
g Hgggiggj TAKING BEUJING AS AN EXAMPLE
F 116.10.39.01 To evaluate the scalability of the proposed method, the model

proposed above was further applied to case study in Beijing,
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FIGURE 10. The location of excluded (red) and reserved (green) demand
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FIGURE 11. The result curve of elbow method in BTX case study.

FIGURE 12. The location of vertiports obtained from K-means algorithm.
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FIGURE 13. Vertiports and demand points location across BTX.

TABLE 10. The Vertiport Location and Distance Deviation in Beijing Case
Study

Average
deviation
distance e (km)

Vertiport location Deviation distance(km)

(116.2,39.86) 45
(116.5,40.11) 6.7
(116.4,39.86) 2.1
(116.2,39.74) 5.8 53
(116.5,40.09) 6.2
(116.6,39.91) 54
(116.6,39.78) 6.3

Elbow Method

—#¥—SSE
) O  Elbow Point

0.5 p
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04

0.2

k=7 SSE=0.064
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1 2 3 4 5 6 7 8 9 10
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FIGURE 14. The result curve of elbow method in Beijing case study.

based on data collected in April 2024, which has been selected
as validation study with distance deviation as error. The results
of Beijing were given in Table 10 and Figs. 14-15. All the dis-
tance deviation of different validation case studies are lower
than 8 km and the average distance deviation e is 5.3 km.

It is obvious from Fig. 14 that the value of SSE remains
constant after k=7, indicating that additional clusters do not
significantly improve the clustering quality. Thus, the amount
of vertiport in Beijing case study was set as 7. The location
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Beijing case study.

TABLE 11. The Area Vertiports Locate and Height Around

. . The area it Highest height
Vertiport location locates(m?) withgin 100 rr;g(m)
A 40,000 36
B 12,000 21
C 22,700 21
D 4,200 30
E 43,500 18
F 22,000 20

of these 7 vertiports in Beijing case study was displaced in
Fig. 15. The reason for having more vertiports in Beijing case
study compared to BTX is because when the selection area
is narrowed, the distribution of demand points become more
dispersed. However, even the case study area was narrowed,
the selected locations remained largely unchanged with a
maximum deviation distance 6.7 km as Table 10 illustrates,
thus the scalability of the proposed model was confirmed.
According to the computational time evaluation method given
by C. Zhu [46] et al, the computational time of the proposed
algorithm is 3.1 min for Beijing case study and 28.7 min for
BTX case study.

C. EVALUATION OF VERTIPORTS LOCATION
1) TECHNICAL ANALYSIS
The vertiports’ surrounding terrain and their walking time
to transport stations nearby are shown in Fig. 16. It can be
observed from Fig. 16 that all the time it takes to walk from
ground transportation station to the vertiport is less than or
equal to 10 min such as from Beijing Third Ring South Middle
Road to Bus station 120—8 min; from Xiong’an motor station
to Bus station 106—4 min; from Tianjin freeway construction
center to metro line 3—9 min; from Tianjin YH park to bus
station 126—10 min

The size of available space at the location of the takeoff and
landing sites and the height of obstacles within 100 m were
illustrated in Table 11 and Fig. 16. It can be told from Table 11
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TABLE 12. Noise (dB) Level of Different Distance Around Vertiports

Vertiports Noise of Noise of Noise of Noise of
200 m (dB) 400 m(dB) 600 m(dB) 800 m (dB)
A 54 48 45 43
B 72 64 70 66
C 54 52 53 50
D 74 72 75 73
E 75 73 74 71
F 73 75 75 71

that all the selected areas could accommodate a vertical take-
off and landing station with at least 4 pads which is 3600 km?
in total. Fig. 16 illustrates the uneven distribution of obstacle
heights within a 100 m radius around the vertiports. However,
it is noteworthy that even the tallest obstacle, a department
around Tianjin YH park, measuring 36 m in height, does not
surpass the height limitation of 43 m, taking into account the
elevation of the vertiports [10], [13], [20], [21]. The height of
the rest of the obstacles around other vertiports have also been
demonstrated in Table 11.

The noise estimated nears the vertiports have been dis-
placed in Table 12. It can be observed from Table 12 that
all the noise falls below 75 dB, which equals to the noise
produced by busy center street. This can be attributed to the
fact that the vertiports (B,D,E,F) in this study are strategically
positioned near railways, clover-leaf interchanges, airports or
motor stations as Fig. 16 illustrates. This strategic placement
may ensure the privacy of citizens [24] and potentially obscure
most of the noise generated by eVTOL operations with the
noise produced by trains, cars, or airplanes especially during
peak hours [24], which could produce noise between 70-80 dB
as it is demonstrated in Fig. 6. Besides, it can be observed that
the noise in vertiport A and C are much lower than others. This
can be attributed to the fact that these vertiports are located far
from the noisy facilities mentioned above and thus the noise
produced by eVTOL has not been totally obscured. Although
the noise from eVTOL at vertiports A and C are not fully
masked due to the park setting and lower traffic level, the
noise level remains below 60 dB, meeting the national noise
emission standards published by China [33]

Moreover, it can be concluded that all the vertiports have
been selected between the Third and Fifth Ring Road of Bei-
jing, in the urban of Tianjin and Xiong’an. Namely, none of
them have been selected in the prohibited airspace which is
within the second ring of Beijing, making it possible for the
operation of eVTOL.

The criterion for eVTOL to take-off and landing was ob-
tained referring to the standard published by CAAC [53], [54],
[55], with its visibility at least 1600 m and the wind force
should not exceed 8 Beaufort scale. As Fig. 5 illustrates, the
annual minimum visibility in BTX is at least 6000 m with a
maximum wind force of 6 on the Beaufort scale, meeting the
minimum flight standards, thus allowing for the establishment
of vertiport in BTX. Besides, the days that exceed the eVTOL
criterion to take-off and landing in BTX has been displaced in
Table 13.
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FIGURE 16. The surrounding terrain of vertiports.

TABLE 13. The Days That Dissatisfied With the Takeoff and Landing
Critertion Within a Year

Beijing Capital Intemnational
Airport 34 parking lot

Xiongxian motor sation

TABLE 15. Ticket Price (CNY) Between Different Vertiports

A B C D E F
Region Days that exceed the criterion A 0 141.98 14934 14864 14879 14791
?F"J‘.‘.‘g 36 B 141.98 0 14738 14673  147.04  146.33
ianjin 42

Xiong’an 27 C 14934 14738 0 141.14 14262 146.06
D 148.64 14673 141.14 0 141.61 14648
E 14879 147.04 14262 14161 0 147.93

TABLE 14. Distance (km) Between Different Vertiports F 147.91 146.33 146.06 146.48 147.93 0

B C D E F
A 0 30.20 142.74 132.05  134.44 12098
B 30.20 0 112.89 10293  107.59 96.79
C 142.74  112.89 0 17.39 40.12 92.69
D 132.05 102.93 17.39 0 24.64 99.04
E 13444 107.59 40.12 24.64 0 121.26
F 120.98 96.79 92.69 99.04 121.26 0

Furthermore, Table 13 indicates that the number of days not
meeting the eVTOL takeoff and landing criteria in any region
is less than 2 months, which also ensures the normal operation
of eVTOLs

2) DEMAND AND ECONOMIC ANALYSIS

Tables 14 and 15 illustrate the distance and ticket price be-

tween vertiports. It can be concluded that the ticket price

between two vertiports is directly proportional to its distance.
Based on these data and (40), the number of passengers

served between vertiports were calculated and presented in

Table 16. The total amount of passengers served by each
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TABLE 16. Service Passenger Between Vertiports

A B C D E F
A 0 3,039 3,704 3,576 1,402 800
B 3,039 0 4,164 4,038 3,419 1,949
C 3,704 4,164 0 16,843 10,796 4,329
D 3,576 4,038 16,843 0 12,012 3,947
E 1,402 3,419 10,796 12,012 0 1,439
F 800 1,949 4,329 3,947 1,439 0

pair of vertiports in Table 16 is 75465 passengers and could
effectively relieve the ground transportation pressure.
Furthermore, to enhance connectivity between various
modes of transportation and facilitate seamless inter-city or
intra-city travel for passengers, all vertiports were strategi-
cally positioned adjacent to transportation hubs such as metro
stations, airports, bus stations, or motor stations, as depicted
in Fig. 16. Each vertiport is equipped with at least one mode
of transportation to accommodate disembarking passengers,
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TABLE 17. The Lon-Lat Coordinates of Vertiports Obtained From So.J [26]
Model

Location Lon-lat coordinates
(a) (116.44,39.88)
(b) (116.34,40.00)
(c) (116.47,40.01)
(d) (117.21,39.13)
(e) (117.20,39.05)
(€3] (116.11,39.00)

and the maximum walking time required to reach these trans-
portation stations from the vertiports is limited to 10 min. This
strategic placement not only facilitates convenient transfers
between different modes of transportation but also helps al-
leviate pressure on ground transportation systems.

In conclusion, the site selection process for eVTOL de-
ployment across the Beijing-Tianjin-Xiong’an (Hebei) region
considered a range of influential factors, including popula-
tion density, commuting patterns, regional economic vitality,
tourism dynamics, traffic congestion levels, and specific re-
quirements for Vertical Takeoff and Landing Airports. Lever-
aging collected statistical data, six optimal vertiport locations
were determined using the K-means.

To evaluate the viability of the chosen sites for vertiport
establishment, comprehensive assessments were conducted,
encompassing geographical considerations, minimum area
prerequisites, and obstacle height constraints. As a result,
all vertiport sites were found to meet the necessary criteria
effectively.

Moreover, a demand forecasting model was employed to
assess the potential impact of eVTOL implementation un-
der this vertiport configuration. The outcomes of the gravity
model indicated that the collective capacity of the vertiport
network could accommodate up to 75645 passengers, thus
substantially alleviating the strain on ground transportation
systems.

The result of this study could provide reference suggestions
for the selection problem of vertiports location considering
technical regulations such as terrain, noise et al in the future.
Besides, it may also offer reference for the future construc-
tions of vertiports and the basic requirements for its necessary
infrastructures such as CNS facilities and charging pole.
Lastly, the economic evaluation in this study might supply an
overview of the future UAM market for future eVTOL service
providers.

3) COMPARE AND CONTRAST

To further illustrate the effectiveness of this proposed method,
model proposed by J. So et al [26], which takes relatively com-
prehensive factors such as demand, obstacle height, location
of transportation hubs, noise and privacy according to Table 3,
has also been utilized in this BTX case study. The demand
was also calculated utilizing (46). The results are illustrated
in Fig. 17. The lon-lat coordinates have been displaced in
Table 17.

VOLUME 6, 2025

Beijing

e\ i
shangine
7! ot

Tianjin

FIGURE 17. The airspace and congestion condition of vertiports obtained
using model developed by J. So [26].

TABLE 18. The Congestion Condition Around Vertiports Selected Using
Different Method in Different Cities

Average Congestion

Research Location Coefficient
Beijing 4.36
J. So [26] Tianjin 3.58
Xiong’an 2.01
Beijing 5.29
The proposed method Tianjin 3.67
Xiong’an 2.02

The prohibited airspace has been marked in yellow and the
roads that have a high congestion condition have been marked
in red. It can be concluded from Fig. 17 that the vertiports
location obtained using J. So et al [26] method have at least
one highly congested road section around which satisfied the
congestion constraint. However, owing to the low importance
index in J. So [26] study, the average congestion coefficient of
roads covered by these vertiports in different cities are lower
than it is in this study according to Table 18 and thus may im-
pair the degree of alleviating ground transportation pressure.

Moreover, as it can be observed from Fig. 17 that vertiport
(a) locates within the prohibit zone in the airspace. This could
be attributed to the overlook of airspace structure and may
lead eVTOL to be unable to takeoff.

Besides, it can also be told from Fig. 18 that all these
vertiports obtained through J. So [26] have either a metro sta-
tion, motor station or railway station around which proves the
enough transfer opportunity and could serve the transportation
demand. However, as the model used in J. So [26] study
deems transfer opportunity more important than the transfer
convenience. Therefore, it can be concluded from Fig. 18 and
Table 19 that the average walking distance from vertiport to
these transportation hubs are 87 m ~2.79 km and will take
1~27 min to walk. However, as it has been mentioned in
Fig. 18, the walking time from these vertiports obtained in our
study to transportation hubs is no more than 10 min, which
significantly increase the transfer convenience.
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Beijing

FIGURE 18. The walking distance from transportation hubs (green labels)
to vertiports (red labels) obtained using model developed by J. So [26].

TABLE 19. The Transfer Convenience and Potential Tourism Demand of
Two Studies

Average Avera Touri
. walkin, age ourism
Research Location . & walking demand
distance time (min) (count)
(km)
(a) 1.6245 15
(b) 1.9011 18
J. So [26] (c) 0.5430 6
) 1.0652 10 2,974,725
(e) 2.7933 27
® 0.0879 1
A 0.5884 7
B 0.6721 8
The proposed C 0.1686 2
method D 0.4239 5 3,683,100
E 0 0
F 0.1682 2

Moreover, as tourism demand has not been considered in
the research conducted by J. So [26], the potential tourist
demand that could be served by eVTOL is lower that it is
in this study and may further reduce the revenue especially
during holiday.

IV. CONCLUSION

The paper presents a comprehensive investigation into the site
selection and evaluation model for the deployment of electric
Vertical Take-off and Landing (eVTOL) aircraft. Technical
factors influencing site selection, including airspace, CNS
constraints, grid capacity, terrain, climate, noise and demand,
are thoroughly analyzed to identify the optimal vertiport loca-
tions. The suitability of these vertiport locations is rigorously
assessed based on technical factors. All the vertiport sites
obtained in this article have no intersection with the prohib-
ited or restricted airspace. Besides, the location of these sites
obtained in this case study satisfied the obstacle restrictions,
which is 43 m, and could accommodate a vertiport with at
least 4 pads and is suitable for eVTOL to take-off and landing.
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TABLE 20. The Location of Vertiports and Their Corresponding
Abbreviations

Location Abbreviation
Tianjin YH park A
Tianjin freeway construction B
commanding center
Beijing Dujiakan C
Beijing Third Ring South Middle D
Road
Beijing Capital International
Airport 3" parking lot
Xiongxian motor station F

es]

TABLE 21. GDP of Different District in Beijing-Tianjin-Xiong'an

GDP GDP GDP
District (billion District (billion District (billion

yuan) yuan) yuan)
I
oI S
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The visibility within the selected area is at least 6000 m and
Beaufort scale is at most 6 which meet the safety constraints
for eVTOL to take-off and landing. As most of the vertiports
are displaced around the railways, clover-leaf interchanges, or
airports, which could produce noise between 70-80 dB, the
noise generated by the operation of eVTOL could be largely
concealed by the noise of car, train and airplane. Moreover, a
demand forecasting model is utilized to evaluate the potential
impact of eVTOL deployment on passenger transportation, re-
vealing a notable alleviation of pressure on ground transporta-
tion systems, which is 75465 passengers in count, as demon-
strated in a case study. Moving forward, future research will
focus on flight route and schedule design based on the identi-
fied take-off and landing points, aiming to enhance the overall
operational efficiency of eVTOL transportation systems.

APPENDIX

Table 20 gives the location of vertiports and their correspond-
ing abbreviations. Table 21 gives GDP of different districts in
Beijing-Tianjin-Xiong’an. Table 22 shows original data used
in the study, and Table 23 shows the processed data. Table 24
shows the location of demand points.
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TABLE 22. The Original Data Used in This Study

TABLE 24. The Location of Demand Points

Demand . . Congestion Demand Lon-lat Demand Lon-lat
. Population Commuter Tourist . . . . .
Point coefficient point coordinates point coordinates
Pl 1,767,300 2,138,570 830,000 4511 Pl (116.46,39.91) P15 (117.19,39.07)
P2 1,426,550 1,071,639 333,100 0 P2 (116.42,39.97) P16 (117.67,39.03)
P3 1,361,883 1,389,202 345,000 5.94 P3 (116.34, 40.00) P17 (117.06,39.37)
P4 854,258 482,182 235,000 0 P4 (116.25,39.95) P18 (117.39,38.99)
P5 1,721,075 965,851 300,000 0 PS5 (116.32,39.91) P19 (116.67,39.92)
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