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Featured Application: Management model for air mobility and Service-oriented On-Demand Air
Mobility. Modeling method for aircraft units between different vertiports within a given region
considering mobility needs, capacity constraints, maintenance and charging needs. Exemplary
application in a simulation model for a regional area of fifteen vertiports and their interconnec-
tion by means of electric aircraft units.

Abstract: Vertical mobility, as a commercial service, has been considered for scheduled volume and
long-distance mobility services. To overcome its limits and increase its potential coverage, flexibility,
and adaptability, centralized mobility hubs, similar to airports, will need to be constructed. Within
this context, a customized and on-demand air mobility concept providing high flexibility in location
combinations and time schedules could provide a solution for regional mobility needs. The aim of
this research was to provide a generic framework for various mobility schemes as well as to design a
holistic air mobility management concept for electric vertical mobility. A system dynamics simulation
case study applied the conceptual model for an on-demand air mobility network of electric aircraft
in a regional area with capacity constraints including vertiports, aircraft, charging, and parking
stations. Therefore, bottlenecks and delays were quantified using a digital twin tool for customized
scenarios. Simulation results showed that optimized maintenance management and the redistribution
of aircraft units improved service indicators such as the number of customers served, and customer
wait times as well as a reduction in the amount of time an aircraft spent on the ground. As a result, a
digital twin air mobility network model with simulation capabilities may be a key factor for future

implementation.

Keywords: mobility; electric aviation; air mobility management model; capacity management;
maintenance; on-demand air mobility; system dynamics; simulation; case study

1. Introduction

Transport systems, along with other infrastructure, are fundamental elements of so-
cieties and economies. They guarantee a high level of mobility, which is key for market
cohesion and for quality of life. Moreover, transport systems enable socioeconomic devel-
opment and job creation [1]. The vision to democratize air mobility access for the global
population has been a long-held aspiration of the aeronautical community [2]. With the
increasing rate of gross domestic products (GPDs) across many countries and the decreas-
ing cost of flight fares, air travel has become affordable for most people [3]. However,
in recent years, the world has faced an ongoing mobility challenge in local and national
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transportation, and any improvements in efficiency, reliability, safety, and accessibility
could lead to positive impacts on economic development, quality of life, and the environ-
ment [2]. Air transport systems provide a service to their customers from an origin location
to a destination; therefore, the flight is an intangible good [4]. The global commercial
deregulation and liberalization of air transport, which began in the United States at the end
of the 1970s, resulted in numerous changes including the evolution of price competition,
the emergence of low-cost airlines, a growing load factor, airport and airspace capacity
problems, etc. [5]. In this context, mergers, alliances, bankruptcies, shifts in market shares,
and the rise of new carriers became norms of the industry [6]. As constraints on routes
and the number of flights as well as regulated tariff policies were removed, prices fell
dramatically, especially on popular routes [5].

The aviation industry has become essential for the socioeconomic development of
many countries [7]. Shared mobility services provide users with more efficient travel
options and reduced environmental impacts as a result of lower emissions. This trend
has led to a research interest to explore the third dimension: the skyscape [8]. Moreover,
the rise of highly populated urban areas together with an increase in travel demands has
led to frequent traffic jumps all over the world, and increasing the ground capacity is not
considered feasible in many cities. Therefore, the vision of opening the third dimension,
i.e., altitude, for urban and regional transportation has gained momentum in the last
5-10 years to explore “on-demand” air mobility (ODAM) [9].

The COVID-19 pandemic has led to global governmental restrictions that reduce and
limit mass transportation options. The air mobility sector has been impacted severely, with
a 75% decrease in all commercial flight activity by mid-April 2020, as compared to 2019.
Furthermore, 60% of global oil demand has been associated with mobility and aviation [10].
Therefore, in the global energy crisis and climate change, the aviation sector is a significant
player [11]. Aviation currently accounts for 12% of transport-related CO, emissions with
a steadily increasing impact. In order to tackle this challenge, the European Commission
and two U.S. government agencies, the International Air Transport Association (IATA)
and the International Civil Aviation Organization (ICAO), formulated reduction targets
such as a CO; reduction per passenger kilometer, NOy, and perceived noise. Considering
the increasing amount of air travel, these goals are unlikely to be reached by improving
existing aviation technology [11]. Thus, the aviation industry needs to accelerate fleet
renewal, improve non-fuel cost management, improve fleet operations, and encourage the
development of alternative fuel sources [3]. Expectations for continued growth, despite the
global pandemic and coupled with environmental and commercial pressures, have placed
the aviation industry in a challenging position. This has led to a growing interest in the
design and certification of electrically powered aircraft as they offer better efficiency and
have zero emissions [7].

Within this context, the electric aircraft movement began in 2007 with the first electric
aircraft symposium in San Francisco [12]. Engineering literature has also joined the trend.
From 2006 to 2009, there was approximately one paper per year on electric and hybrid
electric aircraft. From 2015 to the present, the volume has increased to nearly 20 papers
per year [13]. The markets for aircraft, airlines, and airports are in a phase of major
reconsideration, transition, and change. Moreover, a shift from international air over to
national and intracontinental rail has started. As a result, electric aviation has sought to
compete by adding new short-distance routes to the service offerings [14].

The economic case for electrification can be divided into two parts: first, the reduced
operating costs on existing routes, as compared to conventional aircraft; and second, novel
capabilities that may open new and lucrative markets [13]. The advantage of electric
propulsion is energy cost [15]. Today, intercity air mobility is limited to subsidized routes,
special regions such as island traffic, and the luxury segment of private jets [16]. Elec-
trification may also provide operations that are not possible with conventional aircraft
propulsion architectures. Electric vertical takeoff and landing (e-VTOL) concepts have
been launched by numerous startup and mature firms worldwide [13]; dozens of com-
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panies have announced innovations employing e-VTOL [15]. However, many challenges
remain in the operation management of electric aircraft. Gaps in capability are largely due
to a lack of experience and historical data. In addition, designing for the future means
accounting for the uncertainties of future technological advancements, including range
and endurance [13].

Abstract representations of transport networks need to be developed. In practice,
managers of transport infrastructure require indicators to monitor and improve the man-
agement of the locations and the service characteristics of their facilities. A wish-list of any
manager would include the possibility to construct variants of any indicator for specific
needs. The comparison of such changes requires a working model and involves exer-
cises and issues that have not yet been addressed in the literature [17]. In addition, the
accurate prediction of future maintenance issues associated with electric aircraft cannot
be made without historical data and research [11]. As compared to gas-turbine-engine
aircraft, all-electric aircraft have different operating costs, including several generations of
potentially expensive batteries, and higher requirements for landing gear components due
to their heavier weight. However, all-electric aircraft may also cut costs due to the relative
mechanical simplicity of electric motors [18].

Within this context, the U.S. National Aeronautics and Space Administration (NASA)
has developed a framework for the integration of urban air mobility airspace research
with partners and stakeholders [8]. The adoption of ODAM was found to be dependent
on travel distance, service fare, and level of accessibility. The market share for thin-haul
ODAM services could be viable for distances over 100 km, with 60% of the market expected
for distances between 200 and 400 km (i.e., intercity). Future research could therefore focus
on uncertainties concerning the service attributes and business models [8]. A successful
implementation of ODAM would need to consider novel operational models, given its
on-demand characteristic. ODAM has the potential to radically change urban and regional
mobility and shorten daily commute times [9]. Research gaps in ODAM also involve
the development of a common lexicon and insufficient ODAM research problems such
as ODAM demand estimation, ODAM port-location issues, ODAM scheduling, ODAM
dispatching, and ODAM routing. In addition, non-revenue-generating activities must be
considered when planning to meet dynamic demands; for example, movements due to
scheduling conflicts are less likely in conventional scheduled air transportation, but more
likely in ODAM transportation [9]. Pilot availability, certification risk, vehicle mass, and
trip cost must all be carefully balanced as well [19].

ODAM research in the Munich metropolitan area was performed using simulations as
Munich is Germany’s most congested metropolitan area. However, the proposed vertiport
locations in the study did not consider size restrictions or capacity restraints (e.g., vehicle
take-offs and landings per hour) in their simulations. Moreover, future research should
examine how external shocks such as global pandemics impact air mobility networks [20].
Therefore, future air mobility models should consider capacity constraints to identify and
quantify delays, events, availability, etc. The current system will need to be transformed,
making the development of innovative network management methods and tools a research
priority [1]. A U.S. study found that the costs related directly or indirectly to delays were
approximately USD 40,700 million [21].

Modern life relies on a variety of transportation options. Although the mobility and
vehicular options and capabilities are enormous in comparison with even a few decades
ago, the challenges have also grown, particularly in terms of the population density in
major cities around the world. One of the reasons for this increase in population density is
the lack of cost- and time-efficient transportation options for daily commuting.

Different mobility options have various advantages and disadvantages. For their
quantification, indicators must be established, and their parameters measured, such as
transportation lead times, battery charging processes and lead times, required financial
investments and operational costs, origin and destination flexibility, environmental impact,
persons per trip, etc. Considering all these factors along with many others, the development
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of holistic models is sorely needed for theoretical as well as for practical applications to
design, manage, and understand real-world mobility needs while considering a sustainable
set of indicators.

Therefore, this study focused on developing an air mobility management model, first,
in terms of generic air mobility and, second, for ODAM. Afterwards, the conceptual model
was partially applied to a system dynamics simulation for electric aviation aircraft units
within a network of vertiports with on-demand mobility requests by users. The goal was to
identify bottlenecks, define measures, and, as a result, improve the potential of a networked
system of aircraft to match the demand with its capabilities, its available stations and their
capacities, and its maintenance performance. Moreover, the study applied a generic holistic
concept for electric aviation in a regional area containing fifteen locations, one of which was
a major metropolitan area where the central parking, charging, and maintenance hub was
located, while the others presented small vertiports with parking and charging capabilities.

The goal of the proposed approach was for the development of a holistic management
model for air mobility, its application for ODAM in an electric aviation network, and
its capability to manage dynamic capacity constraints by identifying, quantifying, and
reacting to bottlenecks and delays at the different vertiports. The simulation model had to
manage multiple locations and their amenities (e.g., parking availability, charging bays, etc.)
while handling typical transport issues such as customer requests for transport that could
not be accommodated as well as insufficient landing locations for incoming aircraft. The
main contribution of this research was to identify service issues that could affect customer
satisfaction and operational costs. It offers a digital twin of the physical infrastructure for
its efficient design as well as for its effective management and operation to maximize its
contribution to society and minimize the financial and environmental impacts.

2. Methodology
2.1. Methodological Fundamentals

The methodological fundamentals are systems theory and system dynamics simulation
of a digital twin model: systems theory to model the ODAM network as a holistic system
without missing any essential element; and system dynamics simulation as it is a high
abstraction modelling technique based on stock and flows for the assessment of different
policies and measures in a continuous flow. Finally, the obtained data allowed the digital
model to provide practical guidance for a similar system under different demand and
lead-time conditions.

Systems theory is a multidisciplinary science and provides different approaches to
solve complex problems [22]. First, a system always consists of a combination of several
elements. Second, these elements are interdependent and have multiple relationships to
one another. A system is the product of these interactions [23]. The third characteristic
is the system boundary. It is arbitrarily determined and serves to distinguish it from the
environment of the system [24]. The system environment also consists of systems and
elements. If relationships exist between the system and other elements in the environment,
it is an open system; otherwise, it is a closed system [23].

Models represent real-world conditions that can be simplified or made more complex
to develop and test theoretical solutions to problems. To create a model, the attributes found
in a real-world system must be reduced to the relevant aspects [25]. In modeling based
on system theory, there is a basic procedure. In the first step, the underlying real system
is transferred to a model. A delimitation of the area of investigation and a restriction to
essential features of a system are necessary to reduce the complexity [26]. In the second step,
the interdependencies are recorded in the model. In the last step, the model is empirically
validated regarding its practical applicability and then transferred to a real system [26].
Simulations have been defined as a targeted experiment on a model to gain knowledge
for solving a real-world problem [27]. A distinction can be made between two types of
simulations, static and dynamic simulation. In static simulations, one point in time is
considered; therefore, the time factor is irrelevant. Since time plays an essential role in our
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study, a dynamic simulation was chosen. A distinction can still be made here between
continuous, discrete, and hybrid simulations. Continuous simulations have continuous
changes in state that are described by differential equations. In discrete simulations, state
changes occur according to a predefined sequence of events. Hybrid simulations use both
discrete and continuous elements [28]. Dynamic simulations were defined for this research
as follows: “Simulation is the reproduction of a system with its dynamic processes in
an experimental model in order to obtain knowledge that can be transferred to the level
of reality” [29].

Urban et el. (2017) developed a system dynamics model for the European air transport
system with four stakeholders, including their passengers, airlines, airports, and aircraft
manufacturers to provide guidance for airport runway and terminal expansions as well as
for aircraft acquisition [4]. However, their research provided neither a holistic approach
with ODAM options nor any consideration for electric aviation and its characteristics.

2.2. Research Methodology

Figure 1 represents the six iterative steps of the research methodology followed in
this research.

Goal and methodology > Iterative process

Process mapping and
collecting required data

Conceptual model design >

Simulation logic
development and

programming

Model validation and
simulation

Decision-making among
alternative policies and

measures

Figure 1. Research Methodology.

First, the research question, the goal, and the exact definition are defined. Next, an
analysis of research feasibility and scope according to available information, mobility
technology, and related parameters was performed to develop a suitable methodology.
All the combinations of mobility processes were described and mapped including agents
involved and the characteristics of the mobility elements such as vertiports, aircraft units,
etc. All relevant data, if available, were acquired from historical and real-time data using
new technologies or predictions of future scenarios, i.e., defining the mobility demand
for a future time horizon for all pairs of origins and destinations within a given mobility
network. In the third step, a conceptual model considering different elements and factors
was developed for mobility, air mobility, and ODAM with electric aircraft units and network.
Mobility demand data of mobility devices such as aircraft units were prepared as input
data for the simulation model and processed with a defined logic considering the vertiports
and areas of movement of a mobility area as a region. In the fifth step, the model was
validated in relation to the logical behavior of the system and by comparing the results with
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the real or simulated system. Events occurring in the region and their impact on mobility
needs and bottlenecks were analyzed with the simulation results. Afterwards, adjustments
were made to improve the simulation outcome, and the effects of different alternatives and
policies, such as maintenance policies and redistribution options for aircraft units, were
measured via key performance indicators.

3. Conceptual Model Development
3.1. Conceptual Framework for Mobility Needs and Supply Options

As shown in Figure 2, there were three conceptual elements when analyzing mobility
in a certain region. These were the mobility needs or demands, the mobility supply or
service options, and the related mobility environment.

Satisfaction level of society mobility needs at
a certain quality and cost levels

o % o
Selects ~— Offers

Mobility Mobility
Need or demand Supply or service options

» Population in a given region. Profiles within the
population e.g.:
o Willingness to spend time
Willingness to spend money
Sensitive to environment, social, etc.
Information at hand
Knowledge e.g., apps for mobility services,
distance awareness, comparability capabilities,
digital capabilities, etc.
o Risk assessment and acceptance
o Fearse.g, fear to fly, fear to be in a closed area,
etc.
» Activities of the persons or organizations within a
given region. Cluster of activities:
o Work, leisure, and other activity clusters with
frequency and distances
o Importance and Urgency —

» Mobility service options and their characteristics:
o Mobility mean
o Mobility mean network (e.g., stations, and other
related services)
o Mobility mean and network maintenance
o Cost, time, comfort, security and reliability
» Interrelationships among mobility service options:
o Correlation between the use, price, and other
indicators among different mobility service
options
o Mobility service strategies of other mobility
service options

O 00O

Related environment factors
Socio-economic situation, political situation, propulsionenergy prices, city or region structure, promotionor subsidize options, new
technologies, new activity realization or working ways (e.g., remote working, home office, etc.), availability of places for
activities realization, pandemics and disasters, etc.

Figure 2. Conceptual framework for Mobility Needs and Supply Options.

The first one was described by the population and the activities they performed.
Moreover, the population was classified in different profiles or characteristics to quantify
the mobility need. The mobility service suppliers depended on the alternatives provided
and their characteristics as well as the interrelationships with other transport means as
they could influence the demand by their mobility service choice. Finally, the factors of the
related environment such as the economic situation or potential events such as pandemics
or remote working influence mobility needs and the mobility options.

3.2. Conceptual Management Model for Air Mobility

Based on the generic conceptual framework for mobility needs, the air mobility con-
ceptual framework was derived by considering the demand for air mobility and the related
passengers from one origin and destination. Moreover, the mobility service options were
classified as on-demand versus scheduled air mobility, each with different technology op-
tions, as well as the distance-related business models and associated airport and vertiport
locations, as shown in Figure 3.
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Satisfaction level of society mobility needs at
a certain quality and cost levels

C oD
Selects ~—— Offers
Air mobility Air mobility
Passengers need or demand Supply or service options

» Air mobility service and their characteristics:
o On-demand versus scheduled mobility
o Aircraft technology (e.g., propulsion
technology, maximum range, maintenance,
maturity, reliability, charging times, etc.)
o Short, medium or long-distance business model
o Airport or vertiports capacities
o Availability of qualified staff and equipment
» Interrelationships among mobility service options:
o Correlation between the use, price, and other
indicators among different mobility service
options
o Congestion level of horizontal mobility
o Mobility service strategies of other air mobility
service options

> Passengers demand between locations in a given
region. Demand sensitivity to prices, duration, and
other aspects such as sustainability aspects.
Profiles within the population e.g.:
o Information at hand
o Knowledge e.g., app, digital capabilities, etc.
o Risk assessment and acceptance
o Fearse.g, fear to fly, fear to be in a closed area,
etc.
» Activities of the persons or organizations within a
given region. Cluster of activities:
o Work, leisure, and other activity clusters with
frequency and distances
o Importance and urgency

Related environment factors
Socio-economic situation, political situation, propulsionenergy prices, city or region structure, promotionor subsidize options, new
technologies, new activity realization or working ways (e.g., remote working, home office, etc.), availability of places for
activities realization, pandemics and disasters, etc.

Figure 3. Conceptual framework for Air Mobility Needs and Supply Options.

The management and planning tasks of the air mobility conceptual management
model were derived from the distribution management tasks as the fundamental goal of
the distribution logistics was to achieve the best possible relation between distribution
performance and costs [30]. The tasks were, however, assigned according to their temporal
relevance to different planning levels and were characterized by different time and planning
horizons. According to the St. Gallen management model, the management levels were
divided into normative, strategic, and operative planning levels [31]. In the past, the
main focus has been the operational and tactical problems; however, to manage logistics
management with success in the future, it required an active strategic planning level [30]
such as the mobility network design and technology development, as shown in Figure 4,
which summarizes the planning tasks for air mobility service management sorted according
to their planning horizons and including additional planning functions.

Strategic planning defined the policy, culture, and guidelines, and guided management
decisions. Moreover, it determined the business model with a global, regional, or local
focus. Furthermore, the mobility network design determined the potential performance
and the cost structure in the long term of the air mobility network. As a result, it comprised
the long-term distribution strategy and target system as well as the planning of the service
mobility options and technologies.

Tactical planning relied on information about the strategy and the key performance
indicators (KPIs). It defined the air mobility network structure with a given quantity of
aircraft units and vertiports, the defined business model, service options, and technology as
well as developed the tactical planning tasks that consisted primarily of the assignment of
mobility needs to vertiports locations, operations, technology, and maintenance management.

Operative planning determined whether activities were carried out immediately or
delayed. Its main activities were vertiports management, requests and orders processing,
route planning, staff coordination, detailed transportation planning and scheduling, and
maintenance execution as well as customer service activities.

Based on the planning tasks to be performed, a more detailed description of modules
required for successful operations management of air mobility services is provided in Figure 5.
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Strategic planning tasks

— Principles, guidelines, culture — Target system (Service level vs. Mobility
— Strategic planning service costs)

— Business model (e.g., global, regional, local) — Technology development and selection
— Definition of service mobility options — Mobility network design

Tactical planning tasks

— General transport planning — Vertiports structure and layout planning
— Choice of transport mode — Choice of information and communication
— Determination of the network structure technology

(vertical, horizontal) — Operations management incl. Staff planning
— Assignment of mobility needs to vertiports — Technology management

locations — Maintenance management

Operative planning tasks

— Vertiports configuration — Transportation planning and scheduling
— Vertiports areas management — Transportation execution

— Order processing — Maintenance execution

— Order coordination — Transshipment

— Route planning — E-Aircraft units storage

— Staffand crew coordination — Maintenance warehouse management

— Curstomer service

Figure 4. Planning tasks for an aviation mobility supplier.

Enviroment situati dule . T
i Outside world of the organization

M
Demand forecasting module n Means and servicesmodule
* Production and procurement
=
Economicmodule Air networkmodule

Operations management module J Maintenanceand charging module

S Serviceevaluation &
o LA e e estile continuous improvement module

Outside world of the organization

e.g., investors
External KPI monitoring module

Figure 5. Conceptual Model for Electric Air Mobility Operations Management.

In the first step, the environment situation was taken into consideration for the predic-
tion of mobility demand. Based on the projected demand, the economic module assessed
the potential financial performance of investments and operational costs derived from the
production of aircraft units as well as from the commission of new vertiports or mainte-
nance locations. As a result, the air network module and the means and services module
were derived. From this step, operations could be initiated. For that purpose, an operations
management module was required to plan the resources for satisfying mobility needs.
Moreover, to do so, a maintenance and charging module was needed to track and plan
maintenance intervals and activities as well as to coordinate charging times with future
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flights. Finally, KPIs were calculated, and service evaluations, continuous improvements,
and external reporting were enabled.

3.3. Electric Aviation Mobility Elements

The conceptual model needed to determine the main elements that were considered.
These elements, such as the electric aircraft units and the vertiports, were described with
their main characteristics and factors, as shown in Figure 6.

\ Electric Aircraft Units: Characteristics J

- Cost per unit - Speed
- Variants and functionalities - Emissions
- Production lead time - Pilotand crew or automated
- Production quality rate - Charging times: curve minutes versus charging level
- Legal requirements - Maintenance plan
- Passengers per aircraft - Reliability and manteniability
- Maximum range - Lifespan and failure statistics
- Dimensions

[\ Network: Vertiports or Airports J
- Quantity of airports - Capacity utilization
- Maximum persons waiting at the same time - Charging stations
- Flight traffic volume - Vertiport staff: quantity, qualification, and availability
- Parking capacity for e-aircraft units - Crew and pilots: quantity, qualification, and availability
- Take-off capacity for simultaneous take-off - Check-in lead time
- Hangars available - Check-out lead time
- Operations management - Association of airports to maintenance locations
- Quantity of maintenance locations - Distance between airports and maintenance locations

- Maintenance managemem

Figure 6. Electric Aviation Mobility Elements.

Electric aircraft units were defined by a set of parameters based on their costs, vari-
ants, dimensions, passengers per unit, speed and emissions, charging times, maintenance
plans, and reliability levels, among others. Vertiport elements included the quantity of
parking, takeoff, charging, and hangar capacity as well as the operations and maintenance
management characteristics, such as the staff, and crew.

3.4. Service-Oriented On-Demand Air Mobility Model

As the model would also be used for ODAM scenarios, any customer could initiate
the process by requesting a flight. To satisfy these requests, four different elements and
processes were coordinated to ensure customer satisfaction. These elements and processes
are shown in Figure 7. First, the availability of the electric aircraft, i.e., that the aircraft was
on-site with enough energy and without maintenance needs; secondly, the availability of
the pilot and crew on-site; third, the correct and timely order processing, and, finally, that
the customer was in the vertiport at the right time. All these elements and processes were
tracked and optimized for successful ODAM operations:

On-site Vertiports capacity enough? —

E-Aircraft in charging or maintenace Process?

—

n Customerrequests and ' Trip and service
books a flight level

E-Aircraft available

Pilot and crew organization >

—> Customer order processing —

4
—Jp Customermoves to vertiportlocation s

Figure 7. On-Demand Air Mobility Requests.

As shown in Figure 8, the service model for ODAM depended on four resources
within a given mobility network. Therefore, by adding a given or potential new mobility
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network, there were five elements by which to assess and improve the performance of the
service model.

Service model > Serviceindicators

. » Availability
| o Aircraft > » Performance o Mﬂbﬂity network
- > Availability » Quantity of vertiports
- Pilot and crew > Qualification » Parking places per vertiport
» Charging places per vertiport
— - - » Hangars places
| T —— - » Processing effectiveness 5 G pe semil s
and efficiency

Cust » On-site
ENoEr » On-time

Figure 8. Service model and its five elements.

For each of the service model elements, there were factors influencing the overall
customer service provision. For the aircraft, these were its availability and performance. The
pilot and the crew involved their availability and qualifications. The customer satisfaction
depended on the effectiveness and efficiency of their order processing from the initial
request to their arrival at their destination. For the mobility network, these were the
quantity of the different spaces within the mobility network, i.e., how to manage the
capacities of vertiports and places as well as how many spare parts and means were to be
allocated for proper operations and maintenance of the aircraft units. Finally, for the service
model, the customer had to be on-site and on-time, so an effective and efficient customer
request and order processing was fundamental. The customer request and order processing
for ODAM systems would also likely involve how a customer request could be placed
and what communications platforms could be used (e.g., via internet with smartphones,
laptops, or other devices).

As these requests for pairs of origins and destinations had not been associated with
an aircraft, these requests were “process-to-stock”, as they were stored until an aircraft
was assigned. When an aircraft was associated and a flight was planned, then the requests
were converted into orders, and they were considered “process-to-order”. In the process of
assigning an electric aircraft for a given request, one may not be available. Moreover, upon
aircraft arrival and preparation to land, parking bays may not be available in the landing
vertiport. As a result, for improving service levels, the global customer order lead time
needed to be minimized. For doing so, three elements were key, as shown in Figure 9. If the
push-pull boundary moved closer to the customer, the real mobility demand would need
to be known earlier, and the request processing lead time would be lower, making the time
span for planning purposes higher. The second key element was assuring the availability
of charged electric aircraft units without further maintenance needs in each vertiports as
this would reduce the assignment waiting times of aircraft. The third element referred to
the waiting times for landing and parking at the destination. Therefore, ensuring landing
space was essential in reducing flight-related lead times.

Request
Origin-

Destination . .
' Customerrequest el E-Aircraft available Flight Lm:;ll‘i\egr:l\gr}::lkal;l\fbgiace
h Request from a - P
. Laptop region associated E-Aircraftnon- ¢ .7 Landing and parking place ¢ .~
' Smartphone with related Available /* | 12 at vertiportnon-available /-~ | 32
: % Internet vertiports i
! |
! '
H |
) | Make-to-stock Make-to-order |
) |
H Request processing lead time Push-Pull !
s '
i boundary '
R s L L Customer order 1ead time === == e e m e e e e e m - -)i

Figure 9. Customer Request Processing: Push-pull boundary and non-availability of aircraft and
parking places.
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4. Simulation Model Design
4.1. Methodological Steps

First, the main steps for designing the simulation for the case study were defined as
shown in Figure 10.

1.1. Definition of Key Performance Indicators (KPIs)
Step 1 1.3. Design the model for the case study
1.4. Development simulation logic

2.1. Preparation of the model’s input data
2.2. Programming the model in Vensim

Step s 2.3. Linking the input data to Vensim

\/
] 3.1. Model validation

3.2. Assessment of scenarios
3.3. Improvement of the model with measures

Step 3
\/

Figure 10. Simulation Design Methodology.

The three main steps for designing the simulation were divided as follows: (1) For
KPIs, design the model and its simulation logic; (2) For programming, define logic for
preparing and linking the data to the simulation model; and finally, (3) For the validation,
extraction of results for various scenarios as well as measures to improve the model.

4.2. Target System

The KPIs shown in Table 1 were considered to assess the simulation scenarios.

Table 1. Key Performance Indicators.

Key Performance Indicators (KPIs), Units, and Formulas

No. :
Indicator Formula
1 Passengers (persons) Y. Passengers
. o Y_Time on ground o
2 Average aircraft on ground (%) St = % 100 %
3 Average aircraft availability (%) 100% — Average maintenance time (%)
4 Average aircraft utilization rate (%) 100% — Average aircraft on ground (%)
5 Average flight request backlog (requests) (X Request without aircraft unit) /Simulation time
6 Average flight request backlog (minutes) (¥ Periods without aircraft unit for a request) /Simulation time
7 Average capacity utilization rate of vertiports (%) Y EAlr\;:tfitpz;‘tﬁé;;a‘gtr;port x 100%)/Simulation time
8 Average vertiports full (%) (X Periods with vertiport full) /Simulation time
9 Average vertiports empty (%) (¥ Periods with vertiport empty) /Simulation time
10 Average arrival backlog (aircraft units) (X Aircraft units waiting for landing) /Simulation time
11 Average arrival backlog (minutes) (Y= Waiting time of aircraft units for landing) /Simulation time

For measuring the external system performance, the KPIs with more importance were
1 (passengers), 6 (the time a passenger waits until his request is accepted), and 11 (the extra-
time a passenger waits for landing). The first indicator implied how many people (quantity)
were provided with the requested travelling service, and the other two indicators reflected
the quality of the service in terms of the additional time over the minimum time needed to
provide the service. For measuring the internal system performance, the most important
KPI was 2 (the average aircraft on ground). If minimized, more trips would be made, and
more potential passengers would be provided with the requested travelling service.



Appl. Sci. 2022,12, 848

12 0f 18

4.3. Model Design for the Case Study

The model design was based on the three elements, as described in Section 3.4. There-
fore, the model would identify and quantify:

When an aircraft unit is required at a vertiport and it is not available.
When an aircraft unit requires a place to land and park at a vertiport and no place
is available.

The simulation model would provide relevant insights as this information, even with
real-time and location data collection, could not be obtained. For designing the model, the
following simulation assumptions were used:

The simulation period was set equal to 1 min.

The time horizon was selected for 4 days, a total of 5760 periods.

Every day, there was a redistribution of the aircraft units between vertiports. In the
model, this occurred every 1440 periods. This function could be disabled.

e  There were 15 vertiports with distances between 100 and 300 km among them. All
origin—destination pairs were available by request to customers within the 15 vertiports
as potential connections.

The electric aircraft units had a range of 300 km.

The flight transportation lead times between the 15 vertiports were calculated with
a normal distribution defined by a mean and a standard deviation. However, it was
possible to define the mean, the standard deviation, the maximum and the minimum
per possible transport route, with a total of 225 combinations.

e  If an aircraft unit could not land in a vertiport due to the location having reached its
capacity, the aircraft would wait until space became available.

e Ifacustomer flight request for an aircraft unit could not be assigned due to the vertiport
being empty, then the customer would wait until an aircraft unit was available in the
same vertiport.

e  The electric aviation cycle in the simulation model followed the status shown in
Figure 11. Between two flights, four cases could occur before the next flight order
would be performed; direct to the next flight; charging required; maintenance required;
charging and maintenance required.

Status o Ready 9 Take-off o Flying o Landing o Preparation for next flight

(W (I

= Vv =

Charging or
E‘y} X maintenance if

required

Figure 11. Electric Aviation Cycle.

Based on the assumptions, the network model of fifteen vertiports was implemented
in the simulation model, as shown in Figure 12. Five main characteristics described the
network model, the vertiports capacity with ten aircraft units per vertiport, the distance
between vertiports, the charging times with a value up to 30 min for a fully charged battery,
the quantity of passengers per aircraft with six maximum, and the maintenance parameters
for planned and unplanned maintenance:
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3 Network Model Design under consideration:
Vertiports Capacity

Distance between vertiports
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Figure 12. Model Network Design and related parameters.

A central vertiport location was assumed as the main location with more aircraft unit
capacity while all other vertiport capacities held ten aircraft units. The model assumed that
after each trip, the aircraft unit remained at the vertiport until assigned to a new on-demand
request, i.e., flying without passengers was not allowed in the model unless a redistribution
for all aircraft units was performed. In this case, flights without passengers were performed
to reallocate aircraft units within the network.

4.4. Simulation Logic

The simulation logic was built by applying the conceptual management model for air
mobility described in Figure 5, with a special focus on the modules seven, eight, and nine,
referring to the capacity-constrained operations and maintenance modules and the related
service indicators including delays and backlogs. For this purpose, only the simulation-
related conceptual model was considered, as shown in Figure 13.

Demand module Outside simulation model

Air networkmodule Means and services module

7 8
Operations management module ‘—’ Maintenance and charging module

Redistribution of aircraft

Mobility needs module Landing and take-off module 5
> units module

Requests for landing and

Lead timesmodule take-off module

Outside simulation model

External KPI monitoring module

Figure 13. Simulation logic.

First, the demand module was built outside of the simulation model with different
mobility demand patterns with origin and destination mobility needs for any given simula-
tion period. Next, the air mobility network as well as the services and means were defined
based on the characteristics described in Section 4.3. Finally, the model would also calculate
or derive other indicators such as emission reductions, cost savings, time savings, etc. for
external monitoring or reporting.
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The input data for the simulation model was prepared by defining the following
parameters in Microsoft Excel files:

e Demand of mobility between stations with origin and destination. For each time
period, flight requests for each origin—destination combination were generated. There-
fore, customized air mobility scenarios could be generated to simulate the on-demand
nature. The data were read by the system dynamics simulation model.

Average transportation lead time between all combinations of vertiports, standard
deviation of the transportation lead time between vertiports, as well as the maximum
and minimum values for the lead times between locations were also defined and read
from the simulation model. Therefore, the model allowed changes to the lead time
parameters from its origin—destination combination

The simulation model was built in Vensim. For this purpose, stock with capacity
limitations was built for the fifteen vertiports as well as transportation streams of aircraft
units between vertiports and their transportation times.

4.5. Simulation Models and Scenarios

Finally, two different scenarios were considered, as shown in Figure 14, one with a
high demand level that simulated a four-day period in which there were events in the
region that required higher mobility needs, and a scenario with low demand levels such as
on typical weekdays without vacation periods.

Demand scenarios

High demand Low demand

Figure 14. Mobility Demand Scenarios.

Finally, different simulation models were developed based on relevant factors of the
air mobility network, its elements, and their characteristics. For example, in the case study,
two factors were simulated: the maintenance performance and the daily redistribution of
aircraft units. Based on these factors, four different simulation models were derived, as
shown in Figure 15.

Simulation models

Maintenance [ High performance ] [ Low performance ]

Redistribution [ Redistribution ] [ No redistribution ]

Figure 15. Simulation Models.

The high-performance maintenance model reduced the number of unexpected break-
downs and, therefore, reduced the probability of corrective maintenance due to more effi-
cient preventive plans, as compared to the low performance simulation model. Moreover,
the redistribution simulation model had the capability to perform a daily reorganization of
the aircraft units within the vertiport air mobility network to balance the capacity utiliza-
tion of the vertiports and meet predicted demands, while the no-redistribution simulation
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model initiated each new day with the distribution of aircraft units as it was at the end of

the previous day.

5. Case Study Results

This section provides the results for the maintenance and redistribution simulation

models, as shown in Tables 2 and 3, for the high demand scenarios.

Table 2. Simulation results for maintenance factor in a high demand level scenario.

No. Indicator High Performance Low Performance
1 Passengers (persons) 6888 6720
2 Average aircraft on ground (%) 81.99 82.43
3 Average aircraft availability (%) 98.7 722
4 Average aircraft utilization rate (%) 18.01 17.57
5 Average flight request backlog (requests) 6.1 8.2
6 Average flight request backlog (minutes) 8.3 10.3
7 Average capacity utilization rate of vertiports (%) 43 50
8 Average vertiports full (%) 14.7 20.3
9 Average vertiports empty (%) 14.1 11.8
10 Average arrival backlog (aircraft units) 10.4 125
11 Average arrival backlog (minutes) 58 7.6
Table 3. Simulation results for redistribution factor in a high demand level scenario.
No. Indicator Redistribution Model No Redistribution Model

1 Passengers (persons) 6888 6773

2 Average aircraft on ground (%) 81.99 82.29

3 Average aircraft availability (%) 98.7 98.7

4 Average aircraft utilization rate (%) 18.01 17.71

5 Average flight request backlog (requests) 6.1 25.7

6 Average flight request backlog (minutes) 8.3 12.9

7 Average capacity utilization rate of vertiports (%) 43 42

8 Average vertiports full (%) 14.7 28.3

9 Average vertiports empty (%) 14.1 28.4

10 Average arrival backlog (aircraft units) 10.4 479

11 Average arrival backlog (minutes) 5.8 9.9

Based on the results, the passengers transported in each comparison were higher when
the maintenance performance was high and when the daily redistribution of the aircraft
units between locations was allowed. Moreover, the backlog levels in both comparisons
were also higher in the quantity of the requests waiting to be assigned and the minutes for
the no-redistribution and low maintenance performance models. The only parameter that
improved was the percentage of minutes during which the vertiport was not empty in the
low performance simulation model. However, this could be explained due to the aircraft
units spending more time in the vertiports as maintenance requires longer lead times and
the vertiport was full, but the aircraft units could not be assigned. Finally, the simulation
model that did not allow for the daily redistribution had almost double the average values
of full and empty vertiports over the four-day simulation as the distribution disequilibrium
of one day bled over to the next.

6. Discussion

The conceptual model described the elements, factors, and aspects considered and
provided guidance for the design, management, and improvement of mobility networks,
vertiports, and aircraft units. The simulation model and the design methodology provided
a step-by-step methodology that could be applied to any area and mobility system to
optimize overall system performance and improve customer experiences and satisfaction.
In this case, it was applied for electric aviation to show the considerable optimization
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potential. Using this tool, capacity bottlenecks due to excess aircraft units were reduced,
and its accuracy may increase once real-world data can be obtained. The simulation
provided an overview of the vertiports and the aircraft units needed to reach a certain
service level for the population of a regional area.

There will always be challenges to the system’s capacity, wherein bookings exceed
available flights or unexpected circumstances impact the overall efficiency. For those
very likely scenarios, the following measures along with a digital twin model should
be considered:

e  The real-time monitoring of vertiports with their capacity. Allowing users of smart-
device apps to view where and what options are available for on-demand transport.
Short-term reservations could be an option, such as within 30-min time frames.

e An app could also connect users and allow them to meet and transfer seats and
improve the utilization rate of the e-aircraft while minimizing the use of the capacities
at the stations and reducing wait times.

e A team could be allocated to redistribute aircraft to meet on-demand bookings and
prevent overcrowding at vertiports.

e Additional services could be provided, such as a business option for those who need
on-demand transportation and can afford to pay extra for customized processing such
as longer reservation windows or long-term bookings.

7. Conclusions

The proposed research provided a methodology for modelling mobility networks.
The importance of the network design as well as its elements and options has been shown
based on our results. Moreover, the following conclusions were reached: a generic air
mobility management model as well as an ODAM management model were developed;
the ODAM conceptual model was applied to a simulation model for electric aviation
aircraft units within a network of vertiports with on-demand bookings. For this purpose,
the customer request processing model and electric aviation cycle were applied. As a
result, the system dynamics simulation provided an ideal framework to compare different
scenarios. The simulation model analyzed the variance of factors such as maintenance
policies and redistribution of aircraft units while considering given aircraft capacities,
vertiports capacities, the distribution of charging times and battery lifespan, as well as
distances and lead times between vertiport locations. The simulation case study provided
an application with constrained capacity management of vertiport capacities in an electric
air mobility network as well as insights into vertiport capacities for a given demand
(i.e., which routes and circumstances had service problems and needed to be adjusted). The
simulation results showed how high-performance maintenance management and daily
redistributions of aircraft significantly improved the external service provision in quantity
of passengers and in quality with less minutes per trip, as well as the aircraft on-ground
time percentage. In conclusion, this proposed approach could increase travel demand
satisfaction via time savings for passengers and operators as well as with a better utilization
of assets.

Future research areas may include:

An extension of the conceptual model for an integrated mobility concept with scalability.
A detailed analysis of the factors of the simulation model.

An application of the model for route scheduling and traffic management as well as
for monitoring indicators for the continuous optimization of the network, balancing
mobility needs against operational costs, and environmental impacts.

e An extension of the functionality of the simulation model including an economic
model with price fluctuations, economic cycles, the evolution of shared mobility,
population characteristics and demographics, the impact of global events such as
COVID-19, increased flexibility of the distribution network, different regions and
stations, and the mobility vehicle life cycle.
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e An application of the conceptual model methodology and the simulation model to a
real-world mobility network for a region.

This kind of model and assessment provide guidance for new network configurations
as well as for the optimization of existing networks. For this reason, many public and
private organizations and professionals, such as suppliers, operators, administration au-
thorities, and users, may provide personalized data and customized details to obtain more
accurate predictions and assessments.
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