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Abstract

On Demand Mobility (ODM) is an emerging transportation concept that leverages pervasive
telecommunication connectivity to enable the real-time matching of consumers with transportation
service providers. Having experienced rapid adoption in ground transportation markets, numerous
entities are now investigating opportunities to provide aircraft-based ODM within metropolitan
areas. Previous research efforts have focused primarily on the technical capabilities of novel
electric propulsion aircraft and sought to characterize the market potential for these vehicles.

This thesis complements these initial efforts by adopting a broad view of anticipated aircraft-based
ODM services to identify operational constraints and evaluate near and far-term mitigation
opportunities. A systems-level analysis was used to capture interdisciplinary influence factors such
as limitations placed on ODM networks as a result of air traffic control, ground infrastructure
integration, network load balancing, unmanned aircraft interaction and community noise, among
others. The holistic considerations of this analysis extend beyond the traditional conceptual design
disciplines of engineering and business to include evaluative perspective from the legal, policy,
urban planning and sustainability domains.

The first order, systems-level analysis approach for early-phase conceptual design developed in
this thesis was applied to a case study in Los Angeles. Promising markets were identified based
upon current commuting and wealth patterns. A notional concept of operations was then applied
to twelve reference missions within these markets. Scrutiny of these missions revealed a variety
of operational challenges from which five preeminent constraints were derived. These constraints
may limit or prohibit ODM aircraft operations and include ground infrastructure availability,
aircraft noise emissions and air traffic control scalability. Furthermore, significant legal and policy
challenges were identified related to low altitude flight, environmental impacts and community
acceptance. Findings from this thesis may support the ODM community to develop a system
architecting plan that directs technology investments, stakeholder negotiations and network
implementation so as to overcome the identified constraints and avoid or internalize negative
externalities.
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1 Introduction

1.1 Motivation

The aerospace industry is currently experiencing the emergence of a potentially disruptive set of
related technologies that may open up an entire new sector of aviation and air transportation. First
to appear, Unmanned Aircraft Systems (UAS) have proliferated private, commercial and military
markets providing fundamentally new capabilities across hundreds of applications. Secondly, On
Demand Mobility (ODM) for Aviation is an emerging concept that leverages increased
connectively through smartphones to enable the real-time matching of consumers and service
providers for point-to-point transportation with networks of novel vertical takeoff and landing
(VTOL) aircraft.

Ground based transportation companies such as Uber and Lyft have set the example for ODM
services and provided a proof of concept for the industry; now many entrepreneurs aim to repeat
the same business model in air transportation. Proponents of ODM Aviation (as the concept is
referred to short-hand in this thesis) propose that recent advancements in electric propulsion,
energy storage and automation will make all-electric, VTOL aircraft available and economically
viable by 2020 [1], [2]. Figure 1 presents images of three ODM aircraft displaying the wide variety
of configurations these vehicles may adopt.
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www.jobyaviation.com www.volocopter.com \ Www.cartercopters.com
Figure 1. Example aircraft proposed for use in ODM for Aviation.

Perceiving the technology readiness level of the aircraft and information systems necessary for
ODM Awviation as relatively mature, and considering lessons learned through the Concorde, Very
Light Jet (VLJ) and fractional jet ownership markets, entrepreneurs and investors are now
investigating potential operational challenges ODM Aviation may encounter. Responding to this
need, an ODM Aviation case study was conducted in this thesis in close association with the NASA
Aeronautics Systems Analysis Branch and the greater ODM Aviation community. It was the aim
of the this research to identify implementation and operational challenges for ODM Auviation,
focus the ODM Aviation community on these issues, and support the development of mitigation
approaches before the issues became costly set-backs downstream in the development pipeline.

The current mobility options available to Americans have degraded in quality over the past decades
providing slower, less available and more expensive transportation than in previous years; this has
primarily occurred as a result of increasing congestion and decaying infrastructure. A significant
majority of U.S. transportation, especially private citizen mobility, currently relies upon private
automobile ownership. Dramatic growth in urban and suburban density has overwhelmed roadway
capacity leading to increased congestion. Alternatives to the private car, including many modes of
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public transportation by bus and train, are experiencing severe funding challenges resulting in
degraded service [3]. Finally, even the convenience of transportation by aircraft has been degraded
as security and increased demand cause severe congestion at major airports [4].

Due to these factors, significant market demand exists for a new mode of transportation that
reduces (or avoids) congestion and provides individuals with greater mobility. Aircraft-based
mobility shows promise to meet these goals by avoiding surface congestion and providing higher
speed transportation over longer distances. Recognizing this potential, the concept of On Demand
Mobility for Aviation has appeared numerous times over the past century, albeit under the banner
of different names such as intracity air transportation, metrotaxis, or personal air transportation.
The concept was revisited by industry and society each time a new flight technology emerged that
was perceived to overcome the fatal challenges of the previous iteration.

In a bit of symmetry, 47 years before the publication of this thesis the MIT Flight Transportation
Laboratory (the precursor to the MIT International Center for Air Transportation) issued a report
titled “Concept Studies for Future Intracity Air Transportation Systems” under contract from
NASA. Incredibly, this 1970 report identified many of the same fundamental challenges that this
thesis proffers ODM Auviation must overcome today. This thesis will discuss this previous report
and others, review how new technologies and operational capabilities have overcome some of the
critical challenges from earlier iterations of ODM Aviation, and then investigate how the
remaining challenges may possibly be addressed.

1.2 Methodological Gap

The methodological contribution of this thesis also extends well beyond the ODM Aviation
community. The burgeoning commercial UAS market and emerging ODM Auviation industry both
epitomize “disruptive” technologies and the unique challenges they face for integration into
society. Disruptive technologies have generated dramatic structural changes in economics, politics
and societal norms in all parts of the world over the past century. Today, familiar machines and
systems such as air conditioning, interstate highways, airplanes and smart phones are indispensable
enablers of modern life.

With the steady progression of the Information Age, the rate of technological diffusion into society
is also accelerating bringing new devices and capabilities to people at ever faster rates.
Furthermore, modern communications capabilities are linking together previously stand-alone
technologies into large, cooperating interconnected systems. This development, often termed the
“internet of things,” stands to bring about “smart” cities and “smart” homes (among other smart
networks) where nearly every technology from the climate control down to the toaster are digitally
integrated.

While such technological advances promise to improve efficiency and enhance user capabilities,
they also present significant new challenges for engineers, innovators, business managers,
regulators and operators. Traditionally, new products (such as a car) could more or less be designed
subject to a set of business needs (projected markets), relevant regulations (constraints) and
technology capabilities, without explicit consideration of externalities such as emissions, noise,
equality or city structure. Engineers in all-to-often “stove-piped” groups would conduct feasibility
studies within their relatively narrow field of expertise, identify problems in that domain, and then
spend significant resources to drill down and solve those problems. For a majority of the past
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century this design paradigm sufficed to produce excellent products, and the comparatively slow
rate of adoption of these products by markets enabled natural feedback loops for regulators or later
versions of the products to address emergent externalities.

Today, however, the rapid diffusion of new technologies throughout society and the high level of
integration between systems has created new challenges for traditional technology development
and implementation approaches. By only considering traditional engineering or business domains
during conceptual design, companies may invest significant funds to solve a technical problem
only to discover a more significant, potentially show-stopping integration or public acceptance
problem after product release. The importance of expanding the system boundary of design
problems into other disciplines is a core tenet of modern engineering systems as expressed in
Engineering Systems: Meeting Human Needs in a Complex Technological World [5, p. 16].

Today... [an] engineer has to interact with a host of socioeconomic complexities and
“externalities” — impacts, either positive or negative — that are not a direct part of the
artifact or even a self-contained system or process under consideration. It used to be that
engineers ... did not worry about [externalities] in their designs. Today, these externalities
must be factored into the design process.

Examples of setbacks or failures in major new technologies as a result of unconsidered non-
technical challenges are surprisingly common, especially in the aerospace sector. For example,
The Concorde and Supersonic Transport programs never fulfilled expectations and ultimately
failed not solely because of technical challenges, but in large part because aircraft noise was not a
primary focus of the first generation aircraft development [6], [7]. Even in the burgeoning UAS
industry, public acceptance of UAS operations and privacy concerns have created challenges for
widespread adoption, and regulatory update processes have been too slow to keep up with
developments in some UAS applications [8]. Beyond aviation, products such as autonomous cars
and wind turbine towers have also faced implementation set-backs due to consumer or bystander
concern resulting in public action. Finally, the unequal accessibility of some areas of the world or
population segments to new technologies such as computers or smart phones has exacerbated
inequality spurring social equity and environmental justice concerns [9].

Startups, large companies and venture capital firms have all invested millions of dollars in new
technologies that ultimately did not (or have not as of yet) achieve expectations, in many cases
because there was a failure to consider factors in conceptual design beyond technological
feasibility and regulatory compliance. Considering the rapid pace of technological diffusion and
the increasing interconnectedness of systems, a new approach is necessary for early-phase
conceptual design, and particular requirements definition. This new approach should use “first
principles” to review not only technical feasibility and regulatory compliance, but also operational
integration with existing systems (i.e. technology infusion), social acceptance of the technology,
market demand patterns, and environmental justice, among others.

Such an approach, which may be described as utilizing systems thinking, could enable innovators,
decision makers and investors to better identify product requirements during conceptual design,
and avoid potentially costly revelations following the initial prototype or product implementation.
It was with this consideration that a systems-level analysis approach was developed in this thesis
and applied to ODM Awviation.
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1.3 Scope

The purpose of this thesis is to assess the operational potential for ODM Aviation networks in
metropolitan regions by assessing the technological maturity, regulatory environment, market
opportunity, airspace management techniques and associated externalities, among others factors.

This thesis is not focused on developing UAS or ODM Auviation technologies or vehicles. There
are over 15 companies at the present day, as well as NASA, diligently working to mature
distributed electric propulsion systems, autonomous flight controls and energy storage techniques,
among many other technologies associated with new ODM aircraft. In fact, this thesis seeks to be
as technology and vehicle agnostic as possible when assessing the operational potential and
constraints for ODM Aviation markets. The findings of this thesis may therefore be useful to in
developing requirements for technologies to support this field.

While ODM Aviation and UAS technologies may ultimately be implemented around the world,
this thesis specifically reviews opportunities and challenges these vehicles may experience for
operation in the United States. To this end, the primary case study presented in this research
focuses on Southern California as an early adopting market. Therefore, while the findings of this
thesis may be informative to the potential implementation of ODM Aviation networks around the
world, there may be factors, or attributes, that vary widely between different cities and countries
and dramatically influence the operational feasibility of ODM Aviation networks.

1.4 Research Questions

This thesis was motivated by the anticipation of an emerging On Demand Mobility for aviation
market and the desire to identify operational constraints for such a network. To formalize this
inquiry, the following three research questions were developed:

1. CONSTRAINTS: What are the critical technological, operational, regulatory, business
or system interface factors that may constrain or prevent ODM Auviation
implementation in the United States?

2. EXTERNATILITES: What externalities may originate from the proliferation of ODM
Aviation networks in the United States, what potential impacts may they have on
society, and how may they in turn influence ODM Aviation?

3. POTENTIAL MITIGATIONS: What technology or policy options may be considered
in both the near and far-term to address the binding constraints and negative
externalities of ODM Aviation implementation in the United States?

In order to address these three research questions, a holistic, systems approach must be developed
to consider the whole concept of operations for ODM Aviation networks and identify the most
salient potential challenges for the implementation of such a technology in American metropolitan
areas. This approach represents a new way to develop requirements during early-phase conceptual
design.
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1.5 Methodology

Numerous studies have previously been conducted concerning various operational aspects of
ODM Awviation. High fidelity market models were developed to forecast promising demand areas
and applications for the new ODM vehicles [10], [11]. Proposed ConOps for ODM Auviation
missions were also reviewed to identify various vehicle, noise and infrastructure constraints [12],
[13]. Finally, numerous law review articles have explored regulatory and legal factors that may
influence the operation of UAS and ODM aircraft at low altitudes.

The approach developed through this thesis to assess the operational potential for ODM markets
differs from these previous approaches. While each of the above studies conducted an in depth
assessment of ODM Awiation in a single domain (business, operations, or regulations), this thesis
assesses operational potential by holistically reviewing all of these fields in relation to one another,
as well as considering social, environmental and system integration factors.

Figure 2 presents a flow block diagram displaying the principal steps of the approach developed
in this thesis. The cast study in this thesis applied this approach to ODM Auviation operations in
Los Angeles and Southern California. To begin, potential early adopting markets of ODM Aviation
services were identified in the Los Angeles area using commuting, income, household valuation
and current helicopter charter service information. Nine “reference missions” were defined that
characterize a diverse set of ODM Auviation requirements in terms of mission range, demand,
ground population density, infrastructure availability and airspace interaction, among others.
Three additional reference missions were also created with randomly generated origin and
destination points address possible selection bias in the reference mission definition. Any number
of reference missions could have been defined or randomly generated, however twelve was
deemed a sufficient number to capture the variability of possible ODM mission attributes for the
L.A. case study.

Next, a concept of operations (ConOps) was drafted for each reference mission. The ConOps
defined the activities completed by the customer and ODM aircraft from the moment the customer
ordered the service to the moment the customer reached their destination. The ConOps therefore
included customer ground transportation, aircraft staging and ferrying, customer boarding, flight
path planning, air traffic control interaction and aircraft charging, among others. The ConOps
defined operations from a vehicle agnostic standpoint assuming basic requirements, such as VTOL
capabilities, rather than baselining performance on a specific vehicle.

Having defined ConOps for the twelve reference missions, the next step analyzed each mission
through multiple domain lenses. Researchers conducting enterprise architecting on the largest
systems in society have found that adopting multiple design perspectives (lenses) effectively
reduces complexity and increases the likelihood of uncovering novel factors [14, p. 14]. Adapting
this approach for the conceptual design of novel ODM technologies, the ConOps were first
assessed through the traditional engineering lenses of technical feasibility and regulatory
compliance. Next, the ODM Auviation networks were evaluated with respect to numerous other
domains including community acceptance of operations, interface challenges with systems such
as air traffic control, ground infrastructure and ground-based transportation, and environmental
impact. This step provided a holistic view of the potential operational challenges ODM Aviation
networks face, but did not review any one challenge in significant detail.
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Figure 2. Flow block diagram displaying the first principles analysis approach developed in this
thesis to assess the operational potential for ODM Aviation networks in U.S. metropolitan areas.

Therefore, the final step of the analysis approach prioritized the identified challenges, investigated
the most severe constraints in greater depth and then evaluated potential mitigation techniques to
address binding constraints. Potential mitigation techniques were devised through a variety of
approaches. First, proposed mitigation techniques were collected from the literature where
available. Secondly, the challenges identified in this thesis were presented on numerous occasions
to stakeholders in the ODM Awviation industry who proffered mitigation options based upon their
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expertise. Finally, inspired by the “backcasting” methodology developed by numerous authors
creating environmental regulation and policy pathways, this analysis approach projected the ideal
future scenario for ODM Aviation networks as proposed by the industry, and then sought to
backcast what mitigation approaches were necessary to achieve that future.

1.6 Thesis Overview and Organization

New technologies, such as UAS or ODM Aviation networks, often face significant implementation
challenges due to operational constraints, system integration requirements and emergent negative
externalities that were not considered during conceptual design. This thesis seeks to develop a
systems approach to evaluate potential ODM Aviation concepts of operation and identify crucial,
non-technical interface challenges that may not have previously been considered by the industry.

The approach developed relies upon first principles to identify potential constraints while making
as few assumptions as possible. It is proposed that starting with fundamental principles (instead of
immediately employing highly detailed modeling and simulation) reduces the signal to noise ratio
and enables a decision maker to resolve fundamental challenges that may have been obscured or
missed in a more detailed, but less holistic analysis. Furthermore, while some researchers have
created complex demand models and simulated tens of thousands of operations, the approach taken
in this thesis minimizes resource utilization and only “drills down” to higher fidelity investigations
and models once the most salient challenges are identified.

Finally, this thesis attempts to capture the time dependent nature of operational challenges with
respect to the scale of the ODM Auviation network. The explicit consideration of implementation
scale impacts further enables decision makers to make research priority and investment decisions
during conceptual design. The review of ODM Auviation presented in this thesis expands traditional
systems engineering for early phase conceptual design by adding operational, human factors,
regulatory, environmental and ethical considerations.

This thesis is organized to follow the steps of the analysis approach presented in Figure 2 and
evaluates potential ODM Aviation operations as follows:

Chapter 2: Background and Literature Review

The concept of on demand or personalized air transportation is not a recent development. Chapter
2 reviews numerous previous attempts to develop the technologies and business approaches
necessary to support intra-urban air transportations services. These historical efforts form the
underpinnings of the current programs in ODM Auviation. Chapter 2 also reviews the recent
successes of the ground-based ODM markets and reviews how three enabling technologies
(electric aircraft, telecommunications and autonomy) may allow for the successful expansion of
these services to aviation. Existing approaches for early-phase conceptual design and requirements
engineering are investigated to identify gaps that may be addressed by the systems-level analysis
developed in this thesis. Finally, literature on externalities and their influence on new technology
adoption and proliferation is presented.

Chapter 3: ODM Aviation Market Opportunities and Case Study Definition

While ODM Aviation may potentially reach a large total addressable market in the far-term, the
near-term implementation of these new services will focus on specific high-value applications and
business concepts. Chapter 3 identifies high-value, early-adopter ODM Aviation markets and
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services for the industry as a whole, as well as in Southern California. Furthermore, although
externalities have typically not been considered during conceptual design, Chapter 3 investigates
how ODM operators may be able to leverage positive externalities of urban air mobility to garner
additional benefits (profits) and hasten near-term adoption.

Chapter 4: Los Angeles Case Study Reference Mission Definition

Chapter 4 considers the market opportunities and positive externalities presented in Chapter 3 in
order to define 12 reference missions in Southern California, centered on the Los Angeles basin.
The missions represent multiple types of markets, flights of diverse range, duration, demand and
airspace congestion, access to varying levels of ground infrastructure, and diverse requirements
for flight profiles.

Chapter 5: ODM Aviation Operational Constraints Identification

To identify the operational constraints of ODM Aviation, Chapter 5 defines a concept of operations
(ConOps) based upon near-term aircraft capabilities and mission concepts and applies the ConOps
to each of the 12 reference missions. By reviewing the reference mission ConOps, 20 challenges
were identified for ODM Auviation network operations that may challenge the successful
implementation of such services. These challenges were condensed into five constraints and three
issues based upon similar attributes and their relative severity. The five ODM Aviation constraints
were evaluated for their sensitivity to growth in ODM Aviation network scale (number of
operations) to understand how they may vary from the near-term to the long-term.

Chapter 6: Legal and Regulatory Considerations for Low Altitude Aircraft Operations

One of the greatest near-term challenges for ODM Auviation in the U.S. is the set of regulatory and
legal considerations that may limit or prohibit certain types of aircraft operations or operations in
specific areas and airspaces. Chapter 6 is dedicated to reviewing the nation-wide uncertainty
surrounding low altitude aircraft operations and the potential constraints the FAA, states, local
municipalities and private landowners could levy on ODM and UAS flights in these airspaces by
means of regulations or legal action. Local municipality and state regulations that impact airport
(or heliport) location and usage are discussed in Chapter 7 rather than Chapter 6.

Chapter 7: Review of Operational Constraint Mitigation Approaches

Chapter 7 reviews a variety of mitigation approaches for the ODM Auviation constraints and issues.
The near-term implementability of each mitigation proposal was first evaluated for a small-scale
ODM Aviation network. The influence of the mitigation approach on the network was assessed,
and the degree to which it may lessen or remove the constraint was considered. Furthermore,
ancillary effects of the mitigation approach on other constraints (perhaps beneficial or detrimental)
were investigated. Finally, the capacity of the mitigation technique to scale with increasingly dense
ODM networks was investigated.

Chapter 8: Conclusion

Chapter 8 reviews the three thesis questions posed in Section 1.4 and provides direct answers based
upon the findings of the research. The limitations of the research conducted in this thesis are
presented and future work is discussed.
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2 Background and Literature Review

Since it seems inevitable that within the foreseeable future the proportion of the population that
flies regularly will multiply many-fold, and the proportion that has flown will increase several-
fold, one would guess that the form-shaping effects of air travel have only begun to be felt. We are
only at the beginning in vertical takeoff craft and helicopter service, and local travel by air is
therefore in its most primitive stages. ... Even though local air travel may not serve the huge
volumes required by high-density zones, since both air and land modes will operate and exist side
by side, it is clear that pricing, licensing and other volume controls must be devised as technical
capacity restraints become operative.

- Form and Structure of the Metropolitan Area [15, pp. 180-181]

2.1 Historical Underpinnings of On Demand Mobility for Aviation

As evident in the quote from 1966 at the beginning of this chapter, the concept of short-distance,
intermodal travel using aircraft as the central leg, or urban air mobility, is not a recent development
or dream. Rather, transportation engineers, entrepreneurs and science fiction writers have all
predicted futures where flight becomes a standard form of conveyance, even for short trips within
a single city.

This section provides a brief review of the various visions of urban air mobility, the attempts to
implement them, and the factors that inhibited their ultimate success. The precursor industries and
technologies developed through these historical efforts constitute the historical underpinnings for
modern ODM Aviation and contribute perspective to the current proposals.

2.1.1 The Early Years of Air Transportation

Due to the rudimentary capabilities of aircraft in the early 20" century, the pioneers of aviation
were initially limited to providing short distance urban air transportation services. Lacking aircraft
with sufficient range, speed or reliability to carry passengers between any but geographically close
cities, some early airlines began commuter services between sections of the same town or over
geographic barriers such as rivers and bays that separated two areas. For example, on New Year’s
Day, 1914, Tony Jannus piloted the first commercial airline flight in the United States carrying
passengers 23 miles from St. Petersburg to Tampa over the Tampa Bay.

The founder of the St. Petersburg—Tampa Airboat Line, Percy Fansler, made the following
statement about the historic flight: “the Airboat Line to Tampa will be only a forerunner of greater
activity along these lines in the near future... what was impossible yesterday is an accomplishment
of today... while tomorrow heralds the unbelievable” [16]. Today, over a century after this historic
first flight, commercial airliners transport more than 3.5 billion passengers a year and support a
substantial percentage of world commerce [17]. While this accomplishment would certainly be
unbelievable to Fansler, the dream of urban air mobility has not become reality and scarcely
progressed beyond the services offered by these early airlines.

The rapid proliferation of airlines and advancement of aircraft capabilities in the early years of air
transportation buoyed widespread speculation for how air transportation could become an
everyday phenomenon and change the fundamental ways individuals live their lives. However, as
aircraft technologies improved, short range, intra-urban operations were discarded in favor of
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longer distance, more profitable routes. Urban air transportation would not be seriously
reconsidered as a market until the availability of the helicopter.

Although the airline industry moved away from intra-urban operations resembling proposed ODM
Aviation concepts, the dream of short range personal air transportation was kept alive in the media
and science fiction of the day. Arthur C. Clarke shared such sentiments in his first published short
story in 1946:

For the culture of cities, which had outlasted so many civilizations, had been doomed at
last when the helicopter brought universal transportation. Within a few generations the
great masses of mankind, knowing that they could reach any part of the globe in a matter
of hours, had gone back to the fields and forests for which they had always longed. [18, p.
38]

2.1.2 Urban Air Transportation of the 1960°s and 70°s

The first attempts to foster urban air transportation markets began in the 1950’s and peaked during
the 1960’s and 70’s following the availability of turbine-powered commercial helicopters. The
post-World War Il economic boom resulted in the dramatic growth of U.S. metropolitan areas and
the appearance of suburban developments. Furthermore, rapid advancements in helicopter
technologies were driven by military investments during the Korean War and filtered into the
commercial markets providing safer and more capable vehicles. Empowered by these new
technologies and recognizing emerging market opportunities as urban sprawl and ground
congestion increased, the aviation and transportation communities dedicated substantial resources
to bring air carrier and air taxi services to major U.S. cities [19].

Following in the path of the early aviators from 40 years earlier, the first helicopter air carriers
began as air mail services in 1947 supported by subsidies from the U.S. Government. These
companies carried their first commercial passengers in 1953. By 1963, four scheduled helicopter
carriers were in operation in Los Angeles, San Francisco, New York, and Chicago earning over
80% of their revenues from passenger ticket sales [20]. These companies primarily provided
services between major airports, or between an airport and the downtown Central Business District
(CBD). In some cases these companies also provided charter services and private business
bookings to diversify their income.

Operations grew dramatically during the 1960°s from under 400,000 annual passengers in 1962 to
over 1.2 million passengers in 1967. By all indications, a budding new industry was emerging.
While new helicopters and aircraft attracted customers, operators found that investments in new
helipad infrastructure in congested areas most dramatically increased demand for their services. A
helicopter operator in New York experienced a 50% increase in revenue passenger miles over the
course of a single year as a result of opening service to the rooftop helipad of the Pan Am building
[20]. The Pam Am heliport and other innovative takeoff and landing infrastructure used by intra-
city aircraft operators in New York City are pictured in Figure 3.

In addition to the four scheduled helicopter air carriers, over 100 helicopter-based air taxi operators
were in business in 1976 providing pre-booked, intra-city transportation [19, p. 38]. Perhaps most
remarkable, an airline named “Air General” set up a network of over 70 heliports in Boston (many
in motel parking lots or private greenspaces) and offered a commuter service from 1962 to 1969
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carrying over an estimated 100,000 passengers in this period. Air General did not fly scheduled
flights, but rather would operate based on a reservation system allowing customers to request
flights in as little as 30 minutes prior to a desired pickup time [20]. Therefore, Air General
represents the first ODM Aviation company. It operated for nearly a decade, over 50 years before
the current generation of aspiring companies will be able to re-enter the market. Impressively, Air
General was able to achieve relative success as an ODM Aviation operator without the capabilities
of modern computing, telecommunications and aircraft.
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Figure 3. New York Airways conducting helicopter service from the Pan Am building (left) and
with a Twin Otter operating from a short runway in the boroughs (right). Pan Am image
retrieved from [21], and Twin Otter image retrieved from [22, p. 66].

Although these early operators were ultimately forced to significantly reduce or terminate
operations due in large part to community acceptance and financial challenges (effectively ending
public, urban air transportation for a half century), the lessons learned by these businesses and the
research, regulatory and societal impact from their operation significantly influence the
opportunities and challenges ODM Aviation faces today. The nearly two decades of aircraft-based,
intra-city transportation attracted significant public and government attention to the potential of
aircraft to constitute a new form of transportation, reduce congestion and overcome the geographic
constraints of ground mobility modes.

For example, city planners in Los Angeles conducted a detailed analysis in 1973 to determine how
increasing numbers of intra-urban flights and helipad infrastructure could be supported by the city.
Their study found that local governments and FAA regulators needed to explicitly consider noise,
pollution, the public good and land use before approving any new helicopter air service provider.
Furthermore, their study recommended a host of actions for local government to take, such as
treating helipads as public utilities, resolving the legal and regulatory jurisdictions of low altitude
airspace, and including urban air transportation in a city’s strategic development plan [23]. These
recommendations are, in most cases, as applicable today as they were at their time of writing.

Figure 4 displays example concepts from studies in the 60’s and 70’s displaying how urban air
transportation ground infrastructure could be integrated within cities. As can be seen, a key focus
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of the planners was providing effective intermodal linkages between the air, surface and sub-
surface transportation modes.

Figure 4. Examples of intermodal ground and aviation infrastructure proposed in 1973 to support
expanded intra- and inter-city aviation operations. These images were collected by Glen Gilbert
[22, p. 88] and strongly resemble contemporary ODM Aviation ground infrastructure proposals

from NASA [13].

On the federal level, the DOT and NASA also commissioned multiple studies to assess the
potential for helicopters and tiltrotor vehicles to revolutionize transportation. While these studies
in general agreed that VV/STOL (vertical/short takeoff and landing) aircraft presented a compelling
case for implementation over the latter half of the 20" century, they also identified a number of
challenges that needed to be resolved before aircraft-based, intra-city transportation could become
possible [19], [20]. These challenges included:

e Auvailability of geographically distributed ground infrastructure co-located with areas of
customer demand

e Integration of urban air transportation operations with Air Traffic Control (ATC) and the
potential need for a new, automated ATC system to manage airspace below 3000 ft

e Achieving community acceptance of vehicle noise and the need for quiet rotor vehicles

e Development of a computerized customer booking and demand scheduling system

This thesis will display which of these challenges have been overcome since the 1970’s by the
appearance of new technologies, which challenges continue to exist today, and challenges that
were never identified by these early studies but may limit the operational potential for ODM
Aviation.

Finally, the last impact of the nation’s foray into urban air transportation during the 60’s and 70’s
is the public impression of the industry that emerged. These early operations were often quite
expensive and primarily appealed to businesses and wealthy individuals. Therefore, while only a
few million passengers experienced the benefits of urban air transportation, the general public
often experienced the negative externalities associated with these operations. For example, new
helicopter pads and the expansion of flights to new areas were heatedly protested by local residents
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and community groups concerned about safety and noise [24]. A series of high profile helicopter
accidents exacerbated these fears and ultimately led to the closure of Los Angeles Airways as well
as the discontinuation of public helicopter services in New York to the Pan Am helipad or any
Manhattan helipad not on the water’s edge [25]. Some residual effects of these negative
experiences are still apparent today as communities express concern about the safety, acoustic
signature, and privacy of overhead helicopter, unmanned aircraft system (UAS), or ODM aircraft
flights.

2.1.3 Helicopter Charter Flight Networks

Although the scheduled helicopter air carrier and air taxi helicopter networks of the 1960’s and
70’s did not prove to be sustainable, helicopter charter services have continued to operate, and in
some cases thrive, in various large cities around the world. The most extensive helicopter charter
networks today exist in Sdo Paulo, New York City, and Los Angeles. Each of these areas have
populations of greater than ten million people spread out over hundreds to thousands of square
miles. While these three cities dramatically differ in geographic features, weather, city structure
and public transportation, among other factors, the sheer size of their population has led to some
of the worst traffic congestion in the world.

As a result, helicopter charter services have sustained a business providing private air
transportation for corporations and the wealthy. Many of these helicopter operators also conduct a
significant number of sightseeing flights to diversify their income. Table 1 displays the number of
helicopter service providers in each of these three cities and the types of services they offer to the
public. Furthermore, an estimate of the number of operations that occur annually in each city is
provided where a credible number could be found.

Table 1. Current helicopter charter and sightseeing operations in major world cities.

Number of % offering | % offering Total Annual
Area Helicopter Charter Sightseeing Operations
Operators Flights Flights
Los Angeles 11 91% 91% Unknown
New York City 7 100% 57% >75,000 [26]
Sao Paulo 13 100% Unknown >70,000 [27]

These helicopter charter flight networks represent the current state of the practice for urban air
transportation. While these operators are not considered “on demand mobility” as they typically
require significant booking lead time and operate on relatively fixed routes between airports and
other limited ground infrastructure, some operators are beginning to adapt greater flexibility in
their services. The helicopter network in Sdo Paulo should be especially noted as breaking new
ground on ODM-like services. In this megalopolis, some sources report that there are now over
400 helicopters traveling between a network of more than 250 helipads [28]. One potential
pathway for ODM Aviation networks to develop is to evolve from the current helicopter charter
services in cities such as Sao Paulo building upon their extensive operational experience.

As the primary remaining form of urban air transportation, these helicopter charter operators
(alongside law enforcement and medical services flights) are also a cause of controversy
concerning noise, pollution and privacy from the public. Helicopter operations in Los Angeles
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have been a source of public ire for years ultimately resulting in Congressional action mandating
a FAA study on the issue [29], [30]. Similarly, after experiencing dramatic growth in the number
of helicopter tour operations in New York City between 2008 and 2013, negative public sentiment
from these operations resulted in a mandate from the local government to reduce tour operations
by 50% between 2016 and 2017 [31], [32].

The experience of the helicopter charter operators in managing public concern may foreshadow
future challenges ODM Aviation operators may experience.

2.1.4 Inter-City and Commuter Airline Regional Flight Networks

Although ODM Awviation is primarily focused on providing air transportation services within a
single metropolitan area including its surrounding satellite cities and suburbs, a variety of attempts
have been made to develop regional inter-city flight networks. The a la mode term for these types
of missions is “thin-haul” services, and they have historically been operated by “commuter
airlines.” Industry and government interest in short range, inter-city air transportation is
responsible for much of the VTOL technological development that occurred since the 1970’s.
Furthermore, both successful and unsuccessful attempts to operate inter-city services provide
insight into additional challenges that may be relevant to ODM Aviation.

Figure 5 displays a 1970’s concept aircraft to provide VTOL commuter service between closely
paired cities, or perhaps even from a satellite city into the central business district. Figure 6 presents
major NASA technology development programs over the ensuing 40 years that sought to develop
such vehicles. While none of the proposed concepts matured into an aircraft certified for
commercial use, the technologies that were developed laid the foundation for the distributed
electric propulsion, tiltrotor aircraft that are currently being considered for ODM Aviation
applications.

The efforts of inter-city aviation companies also prompted regulatory action. Anticipating the
implementation of VTOL capable aircraft for inter-city flight networks, the FAA developed an
advisory circular in 1991 specifically for vertiport design. Within this advisory circular, the FAA
directly recognized the potential value these new forms of aviation may bring to the industry by
saying [33]:

Tiltrotor technology offers a viable city-center to city-center air transportation capability
and air transportation system capacity enhancement. The potential payback exceeds by a
large margin that offered by any other technology presently identified or under
development.

Although the expected operation of VTOL inter-city links never materialized and the FAA
cancelled the advisory circular in 2010, it serves as an important precedent for ODM Aviation
operations.
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Figure 5. VTOL commuter service concept for operations into city centers or between closely
paired cities. Image retrieved from [22, p. 67].
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Figure 6. NASA technology development programs for VTOL aircraft 1987-2011. Image
retrieved from AHS Vertiflite [34, p. 32].
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Beyond aircraft technologies and regulations, a variety of commercial entities have attempted to
operate inter-city flight networks with either scheduled or on-demand business plans. Although
these operators achieved varying levels of success, the lessons taken away from their efforts may
influence the business models of future ODM Aviation service providers.

Beginning with a successful example, a variety of commuter airlines have thrived in the United
States providing short distance city to city links where either demand it too small for mainline
service, or distances are too short to justify the use of large aircraft. These airlines typically operate
under Part 135 using aircraft that have a capacity of nine passengers or less. One of the most
successful commuter airlines, Cape Air, shares numerous characteristics with proposed ODM
networks. First of all, 98% of Cape Air’s non-government subsidized routes have a range of 100
miles or less with 46% of these routes being 50 miles or less [35]. While Cape Air does not use
VTOL aircraft and does not conduct intra-urban operations, a majority of their routes are
comparable to projected ODM Aviation missions.

Secondly, Cape Air and the commuter airlines operate as scheduled operators under Part 135. This
means that their routes and departure times are published ahead of time rather than being generated
dynamically in response to demand. While ODM Awviation, by the very nature of its name,
ultimately seeks to achieve dynamic route and departure scheduling, Cape Air is able to provide
nearly proximate ODM capabilities due to the frequency of its departures. On some routes during
high demand periods Cape Air may have flights leaving as often as every fifteen minutes.

On the other hand, an unsuccessful attempt to develop an inter-city flight network was the Small
Aircraft Transportation System (SATS) research project of the FAA and NASA in the early
2000’s, and the very light jet (VLJ) market it fostered. SATS investigated the potential to use small
aircraft and VLJs to provide air taxi services between general aviation and non-hub airports in the
United States. The SATS studies displayed the feasibility of inter-city, on demand aviation
networks and numerous new operators and manufactures of VVLJs entered the market [36]. Despite
the significant investment and initially promising trends for the new VLJ air taxi sector, the
financial crisis of 2008 forced many operators and manufactures out of business [12].

While neither the commuter airline nor VLI air taxi sectors fully represent ODM Aviation
networks, they each provide insights into some challenges the industry may face from technical,
regulatory and business standpoints. Perhaps one of the most significant contributions of the SATS
program was to identify impending ATC scalability and airport congestion problems that could
result from a dramatic increase in air taxi services [37]. The research addressing these challenges
proposed numerous potential mitigations that are equally applicable to ODM Aviation today.
Finally, similar to charter helicopter operators, currently sustainable commuter airlines (such as
Cape Air) may represent another pathway through which ODM Aviation networks could evolve.

2.15 Personal Air Transportation

The final precursor for ODM Aviation networks is the substantial government and private research
that has gone into the development of vehicles to provide personal air transportation. The concept
of personal air transportation revolves around developing an airborne vehicle that may be used
(and was often assumed to be owned) by an individual with basic flight knowledge. A wide variety
of transportation modes have been proposed that fall under this banner including flying cars and
personal air vehicles. Compared to helicopter charter providers, commuter airlines and VLJ air

30



taxi operators, the personal air transportation aircraft most closely resemble the projected size and
capabilities of proposed ODM Aviation aircraft. Therefore, a brief review of these technologies is
in order.

Flying cars, also known as “roadable” aircraft, are hybrid vehicles that may be driven on the roads
like normal automobiles but also converted to fly as aircraft. Roadable aircraft have typically been
marketed as privately owned assets rather than assets for a transportation service provider or a
fractional ownership program. These vehicles have the distinct potential benefit of reducing the
impact of the “first mile/last mile” challenge from ground transportation to and from airports as
the same vehicle may be used for the entire mission. Numerous companies have sought to develop
roadable aircraft over the past half century, though none have produced a certified vehicle.
However, Terrafugia, PAL-V and AeroMobil are purportedly approaching vehicle certification in
the near future.

Personal Air Vehicles (PAVs), on the other hand, are not certified to be driven on roadways but
are intended as private point-to-point air transportation using V/STOL capabilities. NASA stood
up the PAV Sector Project in 2003 to support the development of technologies and coordinate
industry stakeholders to enable the production of PAVs. Technology road mapping at the time
identified community noise and aircraft ease of use as the two most pressing challenges for PAV
development and adoption [38]. While progress was made on multiple small aircraft technologies
and a variety of companies developed interests in the production of these vehicles, there are not
currently any certified PAVs on the market.

2.1.6 Concept Revitalization as ODM Aviation

The emerging PAV and roadable aircraft manufacturers, VLJ air taxi operators, and indeed the
entire aviation industry were marred by the financial crisis of 2008 and the proceeding years.
However, during this time a suit of new technologies emerged in non-aviation sectors that were
recognized to potentially contribute significant value to urban air transportation. These
technologies include simplified ridesharing, trip booking, and network load balancing enabled by
the proliferation of smart phones, improvement of battery energy density and electric motors, and
advancement of automation. A more detailed discussion of these technologies and others is
presented Section 2.3.

These new technologies, when coupled with the widespread economic recovery since 2008, have
given rise to a renewed interest in urban air transportation by investors, operators and
manufacturers. Building upon the lessons learned from all these previous efforts, the new trend is
to develop 1-4 passenger, VTOL aircraft that will be operated by a service provider within a
metropolitan region to provide on demand mobility offerings. Section 2.2 further discusses the
exact form of this proposed new market and its relation to ground-based ODM markets.

Finally, the NASA Personal Air Vehicle Sector Project evolved to support the needs of this
emerging industry as the NASA On Demand Mobility Project. Similar to its original function, the
program is conducting technological development of distributed electric propulsion aircraft for
ODM Aviation and convening the community to develop technology roadmaps and research
priorities. As discussed further in Section 2.4, dozens of startups and numerous major industry
players have intentions to manufacture small VTOL aircraft for intra-city operations.
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2.2 On Demand Mobility and Aviation

During the 20" century, the personal automobile dramatically increased the average speed at which
an individual could travel compared to previous modes. As most U.S. families owned their own
vehicle, the car was also nearly infinitely available for use. Furthermore, the cost of ownership of
an automobile fell steadily throughout the century as manufacturing techniques improved and
worldwide competition evolved. These three positive characteristics (high speed, high availability
and low cost) allowed the personal automobile to rapidly proliferate society.

However, these benefits of personal car ownership have significantly eroded for modern drivers.
Cities have become more populated and the road and highway infrastructure is overburdened in
most areas of the United States. This has resulted in congestion that reduces the average speed of
automobile travel. It is estimated that road congestion will cost the U.S. economy as much as $97
billion dollars in 2020 due to lost time and wasted fuel [39]. Parking has also became limited and
consumers find their personal vehicle to be less and less available at the time or in the places they
desire them. Finally, dramatically increasing oil and insurance prices reduced the economic
efficiency of owning a personal automobile [40].

As a result of these challenges of personal car ownership, significant market demand now exists
for mobility that could once again increase travel speed, reduce costs, and be more readily
available. This demand for enhanced mobility could be met in a variety of ways. Providing a few
examples, a new vehicle could be developed that provides an alternative to travel by road, the
current highway and parking capacity could be expanded to relieve congestion, or intermodal
linkages could be improved to increase the viability and efficiency of public transportation options.

One approach to enhanced mobility that has received particular attention is to more efficiently
utilize existing infrastructure by reducing the number of personal vehicles on the road and
optimally managing congestion. Many transportation planners, and even some countries, have
explored using congestion pricing and other market measures to influence drivers’ behavior and
more optimally utilize the transportation infrastructure [41]. Furthermore, over the past decade
there has been a significant shift in transportation trends to encourage consumers to rely upon
mobility provided as a service rather than personal vehicle ownership [42]. This trend has been
motivated by the growth of high density metropolitan regions, greater environmental awareness,
and the dropping costs for such services.

The willingness of a consumer to forgo the convenience (albeit at a high cost) of their private
vehicle depends upon the ability of an alternative transportation option to provide a sufficient level
of service. It is this need to provide point-to-point transportation without prior booking and within
a short period of the travel request that motivates the concept of On Demand Mobility (ODM).
Recent advancements in telecommunications capabilities and the proliferation of smartphones has
facilitated the emergence of on demand transportation networks of automobiles. The largest of
these companies, Uber and Lyft, now provide ODM services in most major U.S. cities. These
companies manage fleets of drivers to offer customers high availability transportation at costs
competitive to those of private car ownership.

The emergence of a new “sharing economy” in transportation has also significantly reduced costs
of some traditional forms of transportation by splitting the expense of asset ownership among
multiple individuals or placing the burden of ownership on service providers. Numerous
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companies are offering bike sharing and car sharing programs. Online platforms have been used
to support the sharing of privately owned vehicles as well. These business models for
transportation, though not necessarily mobility as a service, also enable consumers to forgo
personal vehicle ownership and access ODM alternatives.

This sub-section introduces the concept of on demand mobility and discusses the significant
variability in the concept as presented by various industries and the literature. Ground-based ODM
is first reviewed, and then the term is expanded into aviation.

2.2.1 Ground-Based On Demand Mobility

There are a variety of ground-based mobility modes that have historically provided customers with
varying levels of service and availability. Trains, buses, and ferries are not considered ODM due
to their fixed routes and schedule. However, traditional taxi services in many ways represent the
precepts of ODM as they generally provide point-to-point transportation services along dynamic
routes set by each customer’s needs. Especially in downtown city areas where the network density
of taxis is high, the taxi network may be considered ODM and provides near instantaneous service
to customers. However, in suburban regions or during low demand hours, the availability of taxi
services may be low and customers may need to schedule a ride many hours in advance.

Capitalizing on the proliferation of smartphones, a plethora of new ground-based mobility modes
have emerged that represent various shades of ODM. Each of these new business models for
ground transportation is briefly touched upon below. Section 2.2.2 reviews how these new ODM
business models may or may not be implemented within aviation markets.

e Ridesharing Networks: in ridesharing networks a mobile application or website connects
private drivers with passengers who share a common origin and destination point. The
driver may choose to pickup and drop-off the passengers and either split the costs of the
trip with their passengers or charge a fare. Example ridesharing companies for cars include
Carma and Ridejoy.

e Car Sharing Networks: in car sharing networks customers register for membership with a
company through which they may rent company owned cars on a pay by time basis. The
rental cars are typically geographically distributed throughout areas of high demand and
do not require pre-booking, though may be pre-booked in some cases. Example car sharing
companies include ZipCar, Car2Go and Maven.

e Peer-to-Peer (P2P) Rental Networks: P2P rental networks support a mobile application or
website where individuals may list their privately owned vehicles for rental. From a
customer standpoint, a P2P rental network is similar to a car rental company except the
assets are spread around private residences. An example P2P rental company is
RelayRides (now known as Turo).

e Transportation Network Companies: representing the largest and perhaps most
recognizable new addition to the transportation industry, transportation network
companies (TNCs) use a mobile application or website to connect passengers with drivers
who provide point-to-point transportation with their private vehicles. TNCs therefore
essentially operate taxi networks where the parent company does not own the physical
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assets, but is responsible for demand management and vehicle routing. The two largest
examples of TNCs are Uber and Lyft.

e Transportation Service Providers: transportation service providers furnish the same
service to passengers as TNCs, except the vehicles in the network are owned by the
company rather than privately owned by the drivers. Current transportation service
providers include taxi companies that modernized to mobile or web-based booking. Many
current car sharing and TNC entities anticipate transitioning to the transportation service
provider model as autonomous vehicles become widely available.

The dozens of new companies that currently provide services within (or between) these five
categories of ODM transportation represent extraordinary market potential and command
substantial capital. In their efforts to outcompete the field and emerge as profitable entities, many
of these companies have invested heavily in research and development to progress the state of the
art of autonomy, demand simulation, dynamic traffic assignment, network balancing and smart
city integration, among others. Much of this research is directly portable to ODM Auviation
networks.

Compared to traditional taxi services, the new ODM providers have developed and implemented
transport control algorithms and strategies that increase the efficiency of the network and
maximize the utilization of each asset. Fine spatio-temporal resolution geolocation information
from the driver’s and customers’ smart phones enables centralized management of a network-wide
pickup and delivery problem considering dynamic factors such as traffic and delays [43]. Some
modeling efforts have shown that the cumulative travel time for all vehicles in a coordinated ODM
network may be reduced by up to 40% compared to current operations through ride sharing and
new routing mechanisms [44]. Such reductions in operation time may have beneficial externalities
such as reductions in congestion, emissions and passenger fees.

One of the primary challenges ODM providers and traditional taxi services have faced is the spatio-
temporal bias in transportation demand, or the tendency of aggregate customer demand to be
directional with a majority of people wanting to travel in only one direction. In ground and air
transportation this leads to network imbalance where assets clump in low-demand areas and must
take “deadhead,” or non-revenue trips, to return to high-demand areas and balance the network. A
variety of approaches have been developed to balance automobile transportation networks that
may be applicable to future ODM Aviation networks.

First, approaches have been developed to efficiently balance stranded assets from car sharing
networks through rebalancing drivers [45], [46]. Secondly, it has been shown that the development
of autonomous vehicles significantly increases the viability of ODM networks and simplifies the
balancing challenge [47], [48]. Finally, a variety of demand responsive pricing strategies are
introduced to curb travel patterns and prevent network asset imbalance [49]-[51].

In addition to these studies addressing some of the operational challenges of ODM networks, the
ground ODM community has also sought to confirm many of the predicted environmental and
equity benefits of wide scale ODM adoption. These positive externalities are discussed with
relation to ODM Aviation in Chapter 3.
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2.2.2 Air-Based On Demand Mobility

In comparison to the automobile sector, there has been a “sharing economy” in aviation for
substantially longer. This is due to the high cost of ownership and relatively low utilization of
aircraft. Private pilots share aircraft costs through fractional ownership schemes, flying clubs with
rental aircraft for members, and expense-sharing with passengers. Nonetheless, except for family
and friends of pilots, a majority of the public has not had access to personalized air transportation.
Some previous attempts to develop ODM Aviation services for the general public in the form of
helicopter and VVLJ air taxi services were not broadly successful.

As introduced in Section 2.1.6, there has been a renewed interest in providing air-based ODM
services. This interest is stimulated in part by the significant progress made by ground-based ODM
companies. The five business models outlined for ground-based ODM provide a starting point
from which potential ODM aviation networks may be considered. Table 2 presents the five
possible business models and discusses the adaptability of each model to the aviation sector
considering the current market and regulatory conditions. Red cells indicate business models that
are not appropriate for aviation, orange cells are business models that face significant challenges
for implementation in aviation, and green cells are those business models that are already
implemented or may be readily implemented in aviation.

From Table 2 it may be seen that the only business approach that provides aircraft-based ODM
services to the average citizen (who are not pilots) is air transportation service providers. Aircraft
sharing networks and P2P aircraft rental networks are fundamentally restricted to serving the
roughly 600,000 certified pilots and therefore do not represent viable approaches to support urban
ODM Awviation.

With the goal of making ODM Auviation service available to as much of the public as possible, the
use of helicopters or development of new VTOL capable vehicles is absolutely necessary to
remove the constraint of operating only from airports and enable the pickup and drop-off of
passengers closer to the centers of demand. Simulation of ODM Aviation networks in Germany
has shown that the willingness to pay (market demand) for such services is strongly correlated to
the first mile and last mile ground transportation distance an individual must take to get to and
from the aircraft departure and arrival point [52].

Considering this, aircraft-based ODM shall be defined in this thesis as multi-modal, point-to-point
transportation within a metropolitan area provided by a service provider utilizing an aircraft as the
central leg of the mission. The scope of ODM Aviation has been limited to metropolitan areas as
a threshold density of consumer demand is necessary to support a network of aircraft of sufficient
scale to provide service on an on-call, on demand fashion. It is anticipated this level of demand
will only exist in metropolitan areas, and air transportation services in rural areas are more likely
to operate as an a priori booked air taxi service. In this definition an aircraft is not limited to fixed-
wing vehicles but includes helicopters, tiltrotors or other flight vehicle.
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Table 2. Overview of potential challenges for adapting successful ground-based ODM business
models in the aviation community.

ODM Business Model Adaptability to Aviation
A variety of companies such as AirPooler and Flytenow recently
attempted to organize aircraft ridesharing networks where private
pilots may accept passengers who split the costs of operation with
the pilot. However, the FAA considered pilots participating in this
network as conducting commercial operations making this business
model infeasible for aviation.
Aircraft sharing networks are already well established in aviation,
albeit currently only accessible to individuals with pilots licenses.
Flying clubs and other aircraft rental services are examples of such
networks. Furthermore, fractional ownership or membership
programs such as jet cards are variants of aircraft sharing networks.
The author is not aware of any formal P2P aircraft rental networks.
Peer-to-Peer Rental However, the informal sharing of privately owned aircraft is
Networks common and there do not appear to be restrictions to aircraft
sharing if the renter is certified to pilot the aircraft.
Under current regulations, it would be unlikely a TNC could
succeed in aviation due to the lack of commercial pilots with Part
135 certifications. TNCs have been successful for ground
Transportation Network | transportation because any licensed driver is legally allowed to
Companies carry passengers in their private car. However, in aviation private
pilots are not approved to carry revenue passengers in private
aircraft. A TNC composed of only existing part 135 operators
would be highly constricted in operations and profitability.
Under this business model company owned aircraft are operated by
company-hired Part 135 pilots, or potentially autonomous pilots in
the future. Previous companies that attempted to provide VLJ air
taxi or on-demand helicopter services may be considered as ODM
transportation service providers. Prospective ODM Aviation
service providers have indicated this is the business model they
intend to operate under.

Ridesharing Networks

Aircraft Sharing
Networks

Transportation Service
Providers

Beyond representing a significant market opportunity for manufactures and service providers,
ODM Aviation has been proposed to provide a variety of benefits to consumers, urban planners
and cities. Table 3 displays a summary of the potential benefits and positive externalities of intra-
city air transportation.
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Table 3. Potential benefits and positive externalities of ODM Aviation in metropolitan regions.

Potential Benefit

Description

Diversified Mobility
Options

ODM Aviation will offer a novel new transportation option to
citizens in a city. The availability of high speed, uncongested
transportation may change the way people live, work and play.

Expanded Mobility
Reach

Operating at speeds more than triple that of the average motor
vehicle and avoiding ground congestion, ODM Aviation can
increase the land area accessible to commuters in a city by up to
10x. This may support cities to continue to grow economically
even though high property values and insufficient road capacity
have historically limited further physical growth of the city [53].

Transportation Capacity
in the 3" Dimension

As cities become more densely populated, the percentage of land
dedicated to roads and parking increases (by some estimates
beyond 30%), yet congestion becomes more severe [54]. ODM
Aviation may remove trips from the surface lessening congestion,
and may increase total transportation capacity into a region while
requiring negligible dedication of additional surface land area.

Transportation Network
Resiliency

Air transportation is a “nodal” network as opposed to ground
transportation which is a “linear” network. This means that an
aircraft may fly between any airport or helipad in an ODM
network and easily land at a nearby node if the target node is
unavailable. This adds resilience to a city’s transportation portfolio
as in emergency situations, such as an earthquake, nodal networks
are far more robust than road networks which may be shut down
by damage to the road at any one point.

Flexible Networks with
Modest Infrastructure
Requirements

Compared to rail, highway or airport infrastructure costs, VTOL
infrastructure is multiple orders of magnitude less expensive.
Furthermore, ODM Aviation networks are highly flexible due to
their nodal nature. Constructing a new takeoff and landing area in
a region automatically connects it to every other node in the
network. This allows ODM Aviation to begin services in a new
area quickly, or easily transfer services to new developments [20].
John Wolf of Cape Air stated this quality as “build a mile of road
and you can drive one mile; build a mile of runway and you can go
anywhere” [35].

Evolving City Structure

Trains, cars and buses have dramatically influenced city structure
through their introduction enabling citizens to live and work in
new areas. ODM Aviation will add new transportation capabilities
to a city bypassing geographic barriers and providing accessibility
to new regions. This may evolve city structure and create a variety
of positive and negative externalities.

These potential benefits are considered positive externalities of ODM Aviation and many of them
shall be discussed further throughout this thesis. While the aviation community has tended to focus
on these benefits, a variety of potential negative impacts of ODM Aviation are also identified in
this thesis. These include factors such as increased community noise and pollution, reduced safety
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for bystanders on the ground, privacy concerns, a hollowing of the urban core, a reduction of
demand for public transportation and the further separation of the economic classes, among others.

The purpose of this thesis is to assess the operational potential of ODM Aviation. Research
questions one and two of this thesis specifically motivate the identification of additional challenges
and externalities that may result from ODM Aviation implementation and operation. Substantial
portions of this thesis will discuss the challenges facing ODM Auviation and review possible
mitigations.

2.2.3 A Preponderance of Terms

While this thesis has chosen to use “On Demand Mobility for Aviation” to describe providing on
demand, aircraft-based transportation services in metropolitan areas, the literature and industry
have put forward dozens of terms to describe this service and related concepts. To clarify the
difference between various proposals for aircraft-based transportation modes in urban areas, an
effort was made to document and relate the various terminology.

2.2.3.1  Terminology for Aircraft-Based Transportation in Metropolitan Areas

As introduced in Section 2.1, aircraft-based urban mobility has a long history of development and
previous implementation attempts. Whether a result of each new attempt trying to distinguish itself
from previous efforts, or a desire to better capture the essence of the service and technology, a
preponderance of terms have been proposed that all describe similar notions of metropolitan
aircraft-based transportation. Table 4 presents a documentation of major terms that have been
proposed to describe the field. Most have fallen out of favor and common use, however it is
informative to consider these terms to identify previous research and progress in the field as well
as scrutinize the appropriateness of today’s favored term.

Table 4. History of terminology for aircraft-based transportation in metropolitan areas.

Term Usage Dates Referenced By
Helicopter Air Carrier 1953 - 1976 [19], [20]
Air Taxi 1962 - 2016 [19], [20], [23]
Metrotaxi/Metrobus 1970 [20]
Intracity Air Transportation 1970 [20]
Interurban Short Haul Air Transportation 1973 [22]
Personal Air Transportation 2006 [38]
On Demand Aviation 2010 - 2015 [53], [55]-[57]
On Demand Air Mobility 2012 [10]
Zip Aviation 2012 - 2014 [12], [58]
Sky Transit 2015 - 2016 [59], [60]
On Demand Mobility 2015 - 2016 [13], [61]
Air Mobility on Demand 2016 [52]
On Demand Urban Air Transportation 2016 [2]
Urban Air Mobility 2016 [62]

The coordinating organization for the aircraft-based mobility community has been NASA.
Through a variety of workshops beginning in Oshkosh, W1 in July 2015, NASA brought together
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manufacturers, researchers and potential operators to conduct pre-competitive studies and
standards definition to support the development of the industry. Considering the convergence of
the relevant stakeholders at these working groups and through the NASA program, this research
chose to adopt the preferred NASA term of “On Demand Mobility”. However, seeing as ODM has
far greater association with the more well developed ground transportation modes and operators,
and in reality describes transportation agnostic of the vehicle type, the specification of “aviation”
was appended by the author; thus, On Demand Mobility for Aviation. As a side note, the author
personally believes the term “On Demand Air Mobility” most succinctly describes the industry
and service.

2.2.3.2 A Hierarchy of Transportation Modes

Beyond the aviation industry, ODM networks have already achieved substantial proliferation in
automobile transportation as discussed in Section 2.2.1. It is a useful exercise to consider the
relation of ODM Auviation to these other forms of transportation and note relations between the
terminology used in each domain. Figure 7 presents a notional hierarchy of the relevant
transportation terminology.

Transportation

On Demand Mobility Scheduled Transportation ! Private Transportation
Airlines Private Cars
Taxi Service Peer-to-Peer Rental Rail Companies Private Motorcycles
Bus Service Private Bicycles

Ferry Service
Public Transit
Car Rental Service

Transportation Etc.

Network Company

Rideshare/Bikeshare
and Carshare

Mobility on
Demand

ODM Aviation

Aircraft Sharing Transportation

Network Service Provider

Peer-to-Peer
Rental Network Mobility as a Service

Figure 7. Hierarchy of transportation modes displaying relevant terminology from the literature.

Although often mistaken for a semantic difference in the literature, there is actually a material
difference between the concepts of “on demand mobility” and “mobility on demand.” Mobility on
Demand (MoD) was proposed and developed as a concept nearly entirely within the MIT Media
Lab and specifically refers to the use of specially designed electric vehicles distributed throughout
a geographic area that are either driven by the customer or autonomously controlled [51]. Future
ODM Auviation networks using autonomous electric vehicles are likely to be considered MoD. The
MoD community has made significant progress in many of the demand management and route
planning algorithms for vehicle networks.
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2.3 Enabling Technologies for ODM Aviation

While various forms of ODM Auviation and personal air mobility have been attempted over the
past century, authors and entrepreneurs point to the recent emergence of a few advanced
technologies they believe are breakthroughs that will enable profitable, aircraft-based metropolitan
transportation. Pervasive telecommunications networks, electric propulsion and automation are the
three primary technologies that are believed will revolutionize both ground and air transportation.
These technology have by and large been developed in industries other than aviation. Proponents
of ODM Aviation therefore suggest that the convergence of these technologies with aircraft design
and operation will address the critical challenges earlier developers faced [11], [12], [53], [63],
[64].

A 1970 study of intracity air transportation systems by the MIT Fight Transportation Laboratory
[20] identified four key R&D areas that must be addressed to allow for the successful
implementation of urban air systems:

1) “Research and development of quiet rotor vehicles”

2) “Development of auto-stabilized VTOL vehicles”

3) “Development of new automated ATC systems”

4) “Development of computerized passenger processing systems”

Then, beginning in 1999, the Small Aircraft Transportation System was developed to address
vehicle, airspace and air traffic control challenges facing inter-urban air taxi services. This program
identified two additional areas that must be addressed to allow for the successful implementation
of urban air systems [65], [66]:

5) Development of higher volume operations for IFR conditions at small airports
6) Develop a new generation of affordable, small, high-performance aircraft to make use of
community airports

While new technologies often bring about new interest and investment in a market, such as was
seen in the VLJ market in the early 2000’s and again in the ODM Aviation markets today,
challenges that are not addressed by the new technology may be ignored or go unrecognized.
Considering this, emergent capabilities in electric propulsion, telecommunications and automation
may address challenges 1, 2, 4 and 6 identified by these two studies, but they will not address the
two challenges related to ATC. Although the ATC challenge has been known since 1970, there
has been little focus in the current ODM Aviation community to address it. One of the purposes
of this thesis was to identify constraints that limit the operational potential of ODM Aviation,
particularly those that may not be addressed by emerging technologies, and bring them into focus
for the ODM Aviation community.

An overview of the potential application of electric propulsion, telecommunications and
automation in ODM Awviation is provided below. The specific ODM Aviation constraints that may
be addressed by the new technologies are discussed.
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2.3.1 Electric Aircraft Performance Overview

Proponents of ODM Aviation suggest that more-electric aircraft are a fundamental enabling
technology that overcome many of the challenges that plague helicopter and small aircraft air taxi
services. The reduced power to weight ratio, increased overall efficiency and beneficial airframe
integration opportunities of electric propulsion are anticipated to result in electric aircraft
performance that is superior to conventionally powered aircraft for short range missions [1].
Furthermore, distributed electric propulsion technologies are also proposed to reduce the noise
profile of aircraft and mitigate community acceptance challenges. Finally, it is hypothesized that
full-electric aircraft may lead to as much as a 20% reduction in direct operating costs as compared
to conventional aircraft primarily due to increased overall efficiency and reduced maintenance
costs [67].

As with many potentially disruptive technologies, electric propulsion technologies are rapidly
evolving and capabilities are not well understood. Therefore, to inform the development of the
case study the author deemed it appropriate to evaluate the likely performance capabilities and
operational costs of near-term electric aircraft through a first principles analysis. These capabilities
and costs were compared to those of a conventional aircraft to determine if there was a mission
profile for which electric aircraft were superior.

The comparative study, included within this section of the thesis background, suggested that full-
electric aircraft were able to meet the performance needs of ODM Aviation missions up to 100
miles in range while maintaining takeoff weights comparable to conventional aircraft. For these
missions, the electric aircraft required over 70% less on-board energy and reduced total fuel/energy
costs by 83% compared to the conventional aircraft using 100 low lead (LL) Avgas.

The utilization of electricity as an alternative or complementary propulsion source for aircraft is
not a novel idea. The first electrical propulsion systems for aircraft were proposed as early as 1943
and sought to capture benefits of distributed propellers and electrical motors [68]. Between 1983
and 2003 NASA partnered with AeroVironment to produce and fly four flight test vehicles to
advance the fundamental technologies of full-electric solar flight. Through the Pathfinder,
Pathfinder-Plus, Centurion and Helios unmanned systems NASA refined electric drive and
distributed electric propulsion concepts [69].

Simultaneously to these public developments, numerous private companies explored man-rated
vehicles whose performance increased proportional to the incrementally improving energy density
of batteries and fuel cells. These developments were featured in the 2011 Green Flight Challenge
where multiple, prototype, full-electric aircraft flew a 200 mile mission in two hours using less
than the energy equivalent of a gallon of fuel per passenger. A variety of companies now intend to
produce full-electric general aviation (GA) aircraft in the next decade. Perhaps epitomizing the
progress made in the field to date, the Swiss aircraft Solar Impulse just completed the first
circumnavigation of the globe by a full-electric vehicle.

Beyond these aerospace specific developments, advancements in electric engine power density
and energy storage (battery) technologies have primarily been driven by the automotive and heavy
industry sectors. Hybrid and full-electric car production is many orders of magnitude larger than
electric aviation is projected to be, and therefore the substantial resources of this industry are likely
to continuing driving forward the state of this technology.
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However, notwithstanding the advancements that have been made in manned solar vehicles and
high altitude, long duration solar UAS, cost effective full-electric regional or long-haul
commercial aircraft are not likely to be viable in the near future due to insufficient energy storage
capabilities [70]. Despite this limitation at the large end of the passenger and payload spectrum,
electric propulsion, integration and storage technologies have advanced to the point to potentially
support economically viable short range aircraft suitable for ODM Aviation.

2.3.1.1  First Order Aircraft Performance Model

The Breguet range equation is a first order performance model for fixed-wing aircraft in steady
level flight. Although the equation neglects multiple factors relevant to the actual ConOps of ODM
aircraft, such as fuel expended while climbing and descending or wind impacts, the equation is
useful to conduct early phase performance studies and compare conventional and electric aircraft.
Equation (2.1) presents the Breguet range equation for a conventional piston powered propeller

driven aircraft [71].
_npr (£) Wi
R——C (5 In _Wf (2.1)

In Equation (2.1), “R” is the range of the aircraft during cruise, “npr” is the propeller efficiency,
“C” is the specific fuel consumption, “L/D” is the lift to drag ration, “W;” is the initial weight of
the vehicle at the start of cruise and “W¥” is the final weight of the vehicle at the end of cruise.

In electric aircraft energy is extracted from batteries rather than through the combustion of fuel.
Since battery weight does not change in proportion to energy extraction, the traditional Breguet
range equation is not applicable except for short ranges. Therefore, Equation (2.2) presents an
alternative range equation for full-electric aircraft as derived by Martin Hepperle [72].

R = E'xno (5 ) (mbatt> 2.2)
g D my

In Equation (2.2), “E’ is the mass specific energy content of the batteries (or other energy storage
device), “g” is gravitational acceleration, “no” is the overall electric propulsion system efficiency,
“mpat”” is the mass of the batteries and “mg” is the total mass of the aircraft. Unlike the fuel mass
fraction in the conventional Breguet range equation, the battery mass fraction in Equation (2.2)
does not appear inside a natural logarithm because the battery weight is constant and the aircraft
does not become lighter through flight. It should be noted that while this analysis assumed
Lithium-lon battery chemistries that maintain a static weight, some forthcoming batteries (such as
Lithium-Oxygen) actually gain weight as they are discharged.

2.3.1.2  Comparison of Electric and Conventional Aircraft Performance

This brief study characterized the range, energy usage and fuel/energy cost of conventionally and
electrically powered aircraft. By selecting values for the parameters on the right hand side of
Equations (2.1) and (2.2) that represent the current state of the art in aircraft manufacturing and
electric propulsion, it was possible to approximate reasonable capabilities for both types of
vehicles as of 2016.

42



ODM operations will likely use relatively new helicopter, fixed-wing and tilt-rotor aircraft. This
initial performance study focused only on fixed-wing vehicles due to the simplicity of range and
energy usage evaluation through the Breguet range performance model. Near-term regulations and
autonomy technologies require all commercial operations to have at least one pilot. Therefore it is
probable that a viable aircraft for commuter or point-to-point ODM operations will have capacity
for 1 to 4 passengers plus a pilot.

Considering these factors, the Cirrus SR22 was selected as a representative conventionally
powered aircraft that may potentially be used for ODM operations. The SR22 is a four passenger,
composite aircraft commonly flown by GA pilots. The comfortable interior, relatively high cruise
speed and emergency recovery parachute system make is an attractive choice as a fixed-wing ODM
aircraft. Table 5 highlights key parameters of the SR22.

Table 5. Cirrus SR22 specifications.

Parameter Unit Value Source
Max Takeoff Weight Ibs 3600 [73]
Empty Weight Ibs 2260 [73]
Useful Load Ibs 1340 [73]
Max Payload (full fuel/max allowed) Ibs 788/1140 [73]
Usable Fuel Load gal/lbs 92/552 [73]
Engine Dry Weight Ibs 412 [74]
Engine Horsepower hp 310 [74]
Propeller Efficiency ~ 0.85 assumption
Specific Fuel Consumption Ib/hp*hr 0.45 assumption
Cruise Lift to Drag Ratio ~ 11 [75]
Maximum Range nm 811 [73]
Cruise Speed 75% Power ktas 184 [73]

Due to the rapidly changing nature of the electric aircraft technologies, this study developed a
notational electric vehicle using technologies comparable to those in the SR22. This allowed for a
direct comparison of the impacts of transition from a conventional propulsion system to an electric
system.

To determine notional electric aircraft structural weight as a function of the maximum takeoff
weight, a parametric weight relation developed by Jan Roskam for single engine propeller driven
aircraft was used; the original relation is displayed in Figure 8 [76]. The weight relation slightly
under predicted the empty weight of the SR22, perhaps due to its high performance engine and
avionics.

To modify the relation to provide aircraft structural weight rather than empty weight, the SR22
structural weight (empty weight minus engine weight) was compared to the historical data and
found to be 218 Ibs below the trend line. This off-set factor was applied as a linear coefficient to
Roskam’s original weight relation. Equation (2.3) expresses the adjusted function that provided
aircraft structural weight as a function of maximum takeoff weight.
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Next, information was collected about the state of the art aerodynamic, energy storage and
distributed electric propulsion (DEP) technologies; Table 6 displays these values. Please note that
the general performance requirements for the full-electric aircraft, such as maximum payload, were
chosen to match the SR22 to allow for an effective comparison between the two vehicles.

Table 6. Notional full-electric aircraft specifications based on current technology.

Parameter Unit Value Source
Mass Specific Energy Content W*hr/kg 200 [75]
Cruise Lift to Drag Ratio ~ 17 [75]
Overall Efficiency ~ 0.73 [72]
Engine Power Density hp/Ib 4.5 [77]
Max Payload Ib 1140 [73]
Cruise Speed 75% Power kts 174 [75]

The parameter values presented for the conventionally powered and full-electric aircraft were
applied to the Bruguet range performance model with a given mission range requirement to back
out the takeoff weight of each aircraft. The energy required by each vehicle to fly the mission was
then determined by subtracting the structural, propulsion system and crew/cargo weights from the
determined takeoff weight to find the remaining fuel or battery weight requirements. These
weights were converted to energy requirements through the energy content of avgas or the energy
density of the batteries, respectively.

As a note, while the SR22 was permitted to only carry the fuel required for the mission range
commanded, the electric aircraft was required to carry a full complement of batteries for each flight
no matter the range. This assumption was intended to capture the relatively permanent nature of
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batteries in electric aircraft. Battery mass above and beyond that needed for fly the mission was
considered as payload and was not considered as providing energy necessary to complete the
mission. No reserve fuel (or electrical energy) was considered for this initial analysis, although
Federal Aviation Regulations (FARSs) require such reserves and fully discharging batteries may
reduce their useful cycle life.

Figure 9 displays the energy requirements for each aircraft. The full-electric aircraft was found to
consume less energy for missions under 225 miles in range than the conventionally propelled
aircraft. For trips up to 100 miles in range, this analysis suggested electric aircraft may require as
much as 76% less on-board energy than conventional aircraft. These results are consistent with
those found by NASA research [1], [12].
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Figure 9. Comparison of energy requirements between full-electric and piston engine aircraft.

The U.S. Energy Information Administration found the national average price of electricity in
2015 to be ¢10.64 per kwh for commercial customers, ¢6.91 for industrial customers, and ¢10.09
for transportation customers [78]. While these prices vary dramatically from state to state and
month to month, it was assumed that the energy cost for the full-electric aircraft was the national
average (across all sectors) of ¢10.41 per kWh, or ¢2.89 per MJ. The U.S. national average price
of 100LL aviation fuel in November and December of 2016 was $4.71 per gallon [79]. This equates
to a conventional fuel cost of ¢3.94 per MJ. Therefore, for missions of 100 miles or less, the energy
costs for a full-electric aircraft may as great as ~83% lower than the fuel costs for a conventional
aircraft.

The dramatic reduction in on-board energy usage (and resulting reduction in costs) predicted for
full-electric aircraft for these short range missions is primarily the result of the much higher
conversion efficiency of battery-stored electrical energy to useful work than the useful work
extracted from hydrocarbon fuel in internal combustion engines (ICEs). Figure 10 displays overall
efficiencies for typical aircraft propulsion architectures. While internal combustion engines
convert only ~25% of the energy content of the fuel to useful work, releasing the rest as heat,
electric aircraft may convert over 75% of energy stored in batteries to useful work.
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It should be noted that on-board energy consumption was defined for conventional aircraft as the
total energy content contained within the fuel burned during the mission. For full-electric aircraft,
the on-board energy consumption was the total electricity drawn from the batteries for the mission.
Energy consumption for either vehicles did not include a full “well-to-wake” analysis. Such an
analysis is useful to support an environmental impact comparison of full-electric and conventional
aircraft propulsion. The total well-to-wake efficiency of electric aircraft depends upon how
electricity is produced (renewables versus fossil fuel generation) and distributed and is discussed
in greater detail in Section 2.3.1.3.

Internal Combustion Engine Electric Propulsion

100 Low Lead LiPo Battery
44 MJ/Kg 0.72 MJ/Kg

Thermodynamic Cycle Controller
n=32% n=98%

Electric Motor
n=95%

Gearbox
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Propeller Propeller
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Figure 10. Comparison of the overall efficiency of a conventionally powered SR-22 with the
proposed overall efficiency of a full-electric propulsion variant. Image based upon research by
Martin Hepperle [72].

The second primary factor contributing to the predicted energy usage reduction of full-electric
aircraft was the given increase in cruise lift to drag ration (L/D). While the SR-22 had a cruise L/D
of 11, the full-electric aircraft with distributed electric propulsion was anticipated to have a cruise
L/D of 17. This increase in L/D is possible in full-electric aircraft because the distribution of small
electric propulsors over the wing creates a “blown wing” that allows the aircraft to fly at higher
angles of attack during takeoff and landing without stalling the wing. The higher possible lift
coefficient enables aircraft designers to reduce the wing area and therefore increase L/D during
cruise while maintaining sufficient takeoff and landing performance.
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While the predicted 76% energy efficiency improvement of full-electric propulsion may appear
unreasonable, the alternative form of the Breguet range equation provided in Equation (2.4) may
be used to derive this efficiency increase mathematically from the increase in aircraft L/D and
overall efficiency. Equation (2.4) is valid for conventionally powered propeller-driven aircraft
where hc is the fuel energy per unit mass (lower heating value).

Rl (L)l il 2.4)
= — % * | — — .
51 (5)n i,

The range of an aircraft is directly proportional to the energy required for the flight. If two aircraft
are provided with the same initial amount of energy (fuel), then an increase in range of one aircraft
over the other represents an equivalent increase in energy efficiency of that aircraft. Therefore,
Equation (2.5) displays an equation for the efficiency improvement of two conventionally powered
propeller-driven aircraft that are assumed only to differ in their lift to drag ratio and overall
efficiency:
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The overall efficiency and L/D for the full-electric aircraft may be entered in the numerator of
Equation (2.5), and the characteristics of the conventionally propelled SR22 in the denominator.
As can be seen in Equation (2.6), the resultant aircraft energy efficiency improvement is 76%, or
what was predicted in Figure 9. The anticipated increase in overall efficiency from a change to
electric population equates to a 63% energy usage reduction on its own, while the increase in cruise
L/D from 11 to 17 results in a 35% usage energy reduction on its own. Taken together, the higher
L/D and overall efficiency create the potential for a 76% overall energy usage reduction.

L
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Efficiency Improvement =1 — — I\ Ll T oei s 0.76 = 76% (2.6)
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While these equations were only valid for conventionally-powered, propeller-driven aircraft, they
approximate the performance of electric aircraft for short range missions. As seen in Figure 11,
electric aircraft are expected to maintain maximum takeoff weight parity with the conventional
aircraft for mission ranges up to 75 miles. The SR22 burns 33 Ibs of fuel for a 75 mile mission, or
1% of its takeoff weight. A 1% reduction fuel weight over the course of the flight corresponds to
a range increase (or energy usage reduction) of approximately 1% for conventional aircraft
compared to full-electric aircraft. The difference due to fuel burn is therefore negligible compared
to the large reductions that result from changes in L/D and overall efficiency, and therefore the
exercise conducted for two conventionally powered aircraft in Equation (2.6) is also valid for an
electric aircraft.

The energy efficiency improvement of electric aircraft was seen in Figure 9 to rapidly decay for
mission ranges of greater than 100 miles. The degrading performance was a direct result of the

47



comparatively low energy density of batteries and the dramatic growth in aircraft weight that was
required to achieve mission ranges greater than 100 miles. The overall takeoff weight for a
conventional aircraft increases only as a result of the additional fuel necessary to fly the additional
mission range. Even for the maximum mission range considered in this analysis (225 miles), the
fuel weight required was only 100 Ibs, well under the 552 Ib capacity of the SR-22. This trend
holds true until the maximum takeoff weight of the aircraft is reached at which point payload must
be substituted for the necessary additional fuel.

The specific energy density of current batteries is much lower than that of hydrocarbon fuels and
results in a dramatically different aircraft weight trend, however. Figure 11 displays the weight
buildup for the full-electric aircraft as a function of mission range. The energy consumption of the
vehicles is also provided as a secondary horizontal axis. The figure displays that full-electric
aircraft have an inflection point in mission range where the takeoff weight of the aircraft increases
dramatically with increasing range. For the performance and energy storage estimations made in
this study, the inflection point appears to be roughly 100 miles in range. For missions less than
100 miles, a full-electric aircraft can carry the same payload as a conventional aircraft at the same
maximum takeoff weight. However, for missions greater than 100 miles, the low energy density
of battery technologies compared to hydrocarbon fuel results in the dramatic increase in battery
weight and aircraft structural weight for each additional mile of range of the full-electric aircraft
compared to the conventional aircraft.
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Figure 11. Full-electric aircraft weight fractions and energy requirements for missions of
increasing range.

2.3.1.3  First Order Comparative CO- Lifecycle Assessment of Full-Electric ODM Aircraft

While the previous section displayed how full-electric aircraft may substantially reduce in-flight
energy consumption compared to conventional aircraft, a lifecycle assessment is necessary to
assess if the “cradle to grave” environmental impact of electric aircraft is also superior to that of
conventional aircraft. To account for the lifecycle environmental impacts of ODM aircraft
operation, three additional factors beyond in-flight energy consumption were considered. These
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factors were electricity production and distribution, aircraft useful life, and aircraft construction
and disposal.

The primary anticipated difference (from an environmental standpoint) for the manufacturing and
disposal of electric and conventional aircraft is the battery assembly, electric engines and power
distribution hardware. According to a 2013 EPA lifecycle analyses of transportation-grade lithium-
ion batteries for use in electric vehicles, the production and recycling of large-capacity batteries
creates negative impacts for global warming, environmental pollution, rare-earth metal depletion
and human health [80]. However, a study by the Swiss Federal Laboratories found that the
additional environmental impacts from battery production, use and disposal were insignificant
when compared to the environmental burdens generated during the lifespan of vehicle operation
[81]. Furthermore, this study also suggested that the environmental impacts of battery replacement
are insignificant compared to the impacts generated during the lifespan of vehicle operation as
well. Considering these factors, differences in the environmental burdens resulting from
differences in electric aircraft and conventional aircraft useful life, construction and disposal were
considered negligible for the lifecycle assessment.

Figure 9 displayed a first order, in-flight energy usage comparison of electric and conventional
aircraft. This initial analysis was supplemented to capture the environmental impacts associated
with battery charging, electricity distribution and electricity production. A battery charging
efficiency factor of 90% was assumed to represent the loss of 10% of the supplied electrical energy
through heat dissipation during fast charging processes [67]. Similarly, an efficiency factor of
95.05% was applied to electricity distribution from the generation source to the aircraft charger
based upon the 4.95% average energy loss of the U.S. electric grid as reported by the U.S. EPA in
2014 [82].

It was found that the environmental impact of electric aircraft is critically dependent upon the
power generation resource mix for the electric grid from which the ODM aircraft draws charge.
At one extreme, if an ODM aircraft only drew charge from a fully renewable generation source
(solar, wind, hydroelectric, etc.) then the environmental impacts of generating electricity for that
flight may be nearly negligible corresponding only to land use change, viewshed degradation,
hazard to wildlife, and other second order impacts. At the other extreme, however, electricity
generation through primarily fossil fuel sources may present a host of environmental impacts
including GHG emissions, human health impacts from particulate matter, or damages from
resource extraction, for example.

Based upon this consideration, the environmental impacts of ODM Aviation may vary
dramatically from region to region depending upon the power generation portfolio of that area.
Figure 12 displays the power generation portfolios of the 50 states and their resultant CO-
emissions rate per MWh of electricity. Table 7 presents representative electrical generation total
output emission rates for electrical grid subregions in the U.S. as reported by the U.S. EPA.
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Figure 12. Average electricity generation resource mix and CO, emissions rate for the U.S.
Image reprinted from EPA eGRID 2014 available at http://epa.gov/egrid [82, p. 13].

Table 7. 2014 greenhouse gas emissions for representative U.S. subregions. Data retrieved from

U.S. EPA eGRID available at http://epa.gov/egrid [82, p. 2].

Carbon Dioxide Methane Nitrous Oxide | CO:2 Equivalent
Subregion (CO2) (CHa4) (N20) (CO20)
Ib/MWh Ib/GWh Ib/GWh Ib/MWh
U.S. Average 1,143.0 112.3 16.2 1,150.3
U.S. Cleanest 377.2 32.3 4.4 379.2
U.S. Dirtiest 1,774.0 185.3 26.8 1,786.2
California 619.9 36.7 4.5 621.9

The functional unit chosen for the lifecycle assessment was one statute mile flown by an aircraft.
The resultant unit of environmental impact was therefore gCO. per mile. While the actual
environmental impacts of CO2 emissions by centralized power plants and distributed conventional
aircraft are different (due to dispersion patterns, emissions at altitude and local area impacts,
among others), these difference were neglected in this first order analysis.
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CO:2 emissions were chosen in this analysis as the unit of environmental impact, rather than CO-
equivalent or other metrics such as human health because the emissions of CO2 from internal
combustion engines in automobiles and conventional aircraft is fairly consistent on a per gallon of
fuel basis. Impacts and emissions of other GHGs vary significantly based upon conditions and
vehicles and are therefore more difficult to capture. Furthermore, CO: is the GHG with the most
significant total climate impact (not per unit, but due to the large quantity emitted) and is therefore
an appropriate indicator for the environmental impact difference between electric and
conventionally powered aircraft.

Based upon these assumptions, and noting that 1 MJ = 0.278 KWh, CO> emissions from generation
and distribution were added to the data from Figure 9. Emissions for conventional aircraft were
assumed to be 18.355 Ibs of CO- per gallon of 100 LL fuel consumed. Furthermore, additional
emissions related to the extraction, processing and transportation of 100LL fuel or fuels for
electricity generation were not considered. Although these additional emissions sources are
important for a full cradle to grave lifecycle assessment, they were not deemed necessary for the
comparative assessment at hand.

Figure 13 displays the results of the comparative assessment between CO2 emissions from
conventionally powered and electrically powered aircraft. The significant influence of the resource
mix of the electricity generation portfolio is notable. If the electricity for ODM Aviation is
generated primarily from coal and other fossil fuels, as is the case for the dirtiest generation curve,
then the CO. emissions from conventional and electrically powered aircraft are nearly
indistinguishable for short range missions, and significantly worse for electric aircraft on longer
missions. With this resource mix, other less significant environmental impact factors including
battery development and disposal may no longer be negligible and may result in a worse
environmental impact for electric aircraft than conventionally powered aircraft.

However, CO> emissions from electric aircraft are roughly cut in half if the average U.S. energy
generation resource mix is considered. Furthermore, utilizing the cleanest U.S. resource mix or the
California resource mix (with their higher degree of nuclear or renewable sources) provides
significant CO> reductions up to 81% and 69% compared to conventionally powered aircraft,
respectively.

The first order analysis conducted in this section indicates that for regions of the country with
average or relatively clean electricity production resource mixes, the transition from conventional
piston-driven aircraft to electric aircraft will provide significant emission reductions and result in
a reduction of the associated negative externalities from pollution.
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Figure 13. Comparison of CO. emissions for conventionally powered and electrically powered
aircraft displaying the influence of the cleanliness of the electricity generation resource mix.

2.3.1.4  Discussion of Electric and Conventional Aircraft Operating Economics

It was shown in Section 2.3.1.2 that electric aircraft with current technologies may have
performance advantages over conventionally powered aircraft for missions with ranges up to
roughly 100 miles. These performance advantages degrade for missions with ranges of over 100
miles due to the large mass of batteries that must be carried as a result of the low energy density
of current battery technologies. However, even for missions with a range of 200 miles, Figure 9
indicated that full-electric aircraft may expend less total on-board energy than conventionally
powered aircraft.

While takeoff weight and energy usage are key aircraft performance attributes, the ultimate
competitiveness of full-electric aircraft in the market will depend upon the operating economics
of these vehicles. Put simply, full-electric aircraft may be adopted for routes and missions where
their direct operating cost is equivalent to or less than that of conventionally powered competitor
aircraft, assuming the performance of the electric vehicle is comparable for attributes key to airline
operation.

Direct operating costs are costs that are incurred by an airline as a result of the actual flight of an
aircraft. For ODM aircraft operation, direct operating costs were assumed to include pilot wages,
energy costs, maintenance costs and the costs of aircraft ownership. Crew costs, although typically
considered a direct operating cost, were not considered for ODM operators as the small aircraft
anticipated for these missions would not have on-board personnel except for the pilot.
Furthermore, it was assumed that maintenance costs of electric aircraft included the costs of battery
replacement in addition to the traditional costs of engine, avionics and propeller overhaul, among
other maintenance requirements. Finally, aircraft ownership costs were assumed to include
financing, depreciation and insurance for the aircraft.
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To identify if and how full-electric aircraft may reduce an ODM Aviation service provider’s direct
operating cost compared to a fleet of conventionally powered aircraft, opportunities for cost
reductions in current commuter airline operations through the adoption of the new aircraft were
explored. Figure 14 displays the direct operating cost breakdown for three Part 135 commuter
airline routes from Saint Louis to nearby cities. The routes studied have an average range of 102
miles which is comparable to the upper bound anticipated for ODM Aviation operations.

Aircraft
Ownership
10%

Figure 14. Direct operating cost breakdown for three Cape Air routes from St-Louis in 2015.
Data retrieved from the Cape Air 2015 Essential Air Services proposal [83, p. 30].

A review of Figure 14 indicates that direct operating costs may be most significantly diminished
if electric aircraft exhibit lower maintenance requirements, or if electric aircraft energy costs prove
to be lower than the comparative fuel costs for conventional propulsion. Together these two
categories represent nearly 75% of the direct operating cost for the Cape Air routes from St-Louis.
Potential cost differences in terms of pilots and aircraft ownership may be less impactful in terms
of the overall direct operating cost due to the relatively low percentage of total costs they represent.

Considering that aircraft maintenance accounts for the largest wedge of direct operation costs for
Cape Air, it therefore represents a significant opportunity for cost savings through electric aircraft.
A 2016 investigation by Georgia Tech into the operating economics of aircraft for on demand air
services concluded that distributed, full-electric propulsion aircraft have the potential to reduce
maintenance costs compared to conventionally powered commuter aircraft for mission ranges of
less than 200 nmi [67]. The study proposed this could be achieved because electric aviation motors
have fewer moving parts than conventional aviation engines and therefore will exhibit reduced
maintenance needs and engine overhaul requirements.

Although electric aircraft may have reduced engine maintenance and overhaul costs, the overall
aircraft maintenance costs may not actually be reduced due to the cost of battery replacement.
Electric aircraft battery cells will require replacement every few hundred to few thousand cycles.
While changing batteries may be a relatively simple process requiring fewer labor man-hours than
the overhaul of a conventional engine, the expense of new batteries may be a significant proportion
of the initial acquisition cost of the vehicle. If electric automobiles are used as a proxy, battery
replacement for some automobiles initially cost as much as 50% of the acquisition cost of the car.
However, improving battery production and recycling technologies have dramatically reduced
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these costs over the past decade and may continue to lower battery replacement costs if the market
does not exceed production capacity [84].

Aircraft fuel (energy) represents the second largest direct operating cost for the three routes
presented in Figure 14. The energy usage study of an SR-22 equivalent aircraft in Section 2.3.1.2
found that electric propulsion may reduce in-flight energy usage by as much as 76% compared to
conventional propulsion. Assuming the national average electricity price and 100LL aviation fuel
prices are ¢10.41 per kWh and $4.71 per gallon, respectively, then Figure 15 displays the potential
energy cost savings of electric aircraft operation compared to conventional aircraft operation.
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Figure 15. Comparison of energy costs between full-electric and piston engine aircraft

Figure 15 indicates that for missions of up to 100 miles in range, energy costs could be reduced by
as much as 83% through the use of full-electric aircraft. Furthermore, if off-peak battery charging
were employed, or industrial electricity pricing schemes were negotiated, the energy cost savings
could be even larger for full-electric aircraft.

If an average energy cost reduction of 75% is assumed for short-range ODM Aviation missions
that use full-electric aircraft, a 23% reduction in the overall direct operating costs for the airline
would be realized. Furthermore, because helicopters are typically used for the VTOL missions
proposed for ODM Aviation rather than the fixed-wing aircraft considered in this first order
analysis, the potential cost savings from the adoption of electric aircraft may be more pronounced.

The final two wedges of direct operating costs represent pilot wages and the costs of aircraft
ownership. These two wedges combine to represent only a little more than a quarter of the direct
operating cost for these Cape Air routes. Therefore, cost variation between conventionally
powered aircraft and electrically powered aircraft in terms of pilot wages and ownership costs will
have a lesser impact on the overall direct operating costs. Near-term ODM aircraft are likely to
have similar pilot qualification requirements and costs to current vehicles, however the far-term
implementation of advanced automation in ODM aircraft may reduce piloting costs. ODM
operators purchasing a fleet of new electric aircraft may also have significantly higher near-term
ownership costs than reported by Cape Air (which uses legacy aircraft). This would be especially
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pronounced if the acquisition cost of electric aircraft is greater than the cost of an equivalent
conventionally powered aircraft.

The differences between the vehicles operated by Cape Air and the vehicles (electric or
conventionally powered) that are likely to be used by ODM operators represents a limitation of
the direct operating cost analysis presented in this sub-section. Direct operating costs are sensitive
to the type of aircraft operated by the airline, and the total costs or relative percentages of each
expense wedge may vary dramatically for different aircraft. Cape Air utilizes twin engine, piston
powered Cessna 402 aircraft [83]. The 402 can carry up to nine passengers and a pilot and is
therefore about twice as large as the SR22 which was used as the baseline aircraft for the electric
propulsion energy consumption study. The reduced pilot to passenger ratio of the full-electric
SR22 equivalent considered in this analysis would therefore have a larger percentage of direct
operating cost accountable to the pilot wages than found for Cape Air.

Secondly, the Cessna 402 aircraft are legacy vehicles that were last manufactured in 1985. Due to
the average age of the Cape Air fleet, it is likely the percentage of direct operating cost due to
maintenance is larger than it would be for an ODM operator with newer vehicles. Furthermore,
because the Cape Air fleet is composed of older planes, it is also likely the percentage of direct
operating costs due to aircraft ownership is less than for ODM operators as the Cape Air fleet is
already fully depreciated and required less upfront financing to acquire.

2.3.2 Telecommunications for ODM Aviation Overview

A second technology that is proposed to enable ODM Aviation networks is advanced
telecommunications through pervasive smart phone availability. Transportation networks have
traditionally had no mechanism to gather real-time, fine grained demand information. As a result,
either fixed service schedules were set that the consumer had to conform to, prior booking was
required to schedule a particular service, or a service provider (such as a taxi network) attempted
to balance supply and demand within a small geographic area based upon prior experience.

Today, however, ground-based ODM service providers such as Uber and Lyft have displayed the
capacity for smartphones to provide the essential data necessary to support the operation of an
efficient ODM network. “Telematics,” as the suit of related technologies has become known, is an
emerging interdisciplinary field that uses cellular networks, global positional systems, satellite
uplinks and vehicle to vehicle or vehicle to infrastructure links to communicate location,
navigation, route guidance, congestion management and weather, among other information [64].

Telematics enables ODM networks to efficiently manage assets to meet dynamic demand patterns.
Previous iterations of air taxi services were relegated to scheduling customer requests in an attempt
to efficiently balance available assets in the network. By collecting a priori knowledge of demand
for the upcoming day, efficient, static solutions were developed for the “dial-a-flight” and “crew
pairing” problems [36], [85]. The lack of real-time information required these network operations
problems to be solved a day or multiple hours in advance of the trips. However, telematics now
supports the nearly instantaneous communication of asset location and status to an ODM control
network. This supports the dynamic handling of customer requests.

Beyond supporting real-time network optimization, telematics may also enable ODM Aviation
networks to implement advanced ConOps that increase airspace throughput and density. For
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example, in-vehicle wireless communications have been suggested to “far extend [the driver’s]
perception range without expensive long-range sensors, by exchanging local perception
information with other vehicles or infrastructure” [86, p. 331]. While ADS-B is an existing
example of a system that allows vehicles to share information to avoid collisions, telematics may
make future aircraft and pilots more aware of weather events, congested airspace and airports,
available ground infrastructure and hazards such as rogue UAS. In other words, new telematics
capabilities will allow pilots and aircraft to share information that will make the entire ODM
Aviation network operate more efficiently.

2.3.3 Autonomy in Aviation Overview

The third proposed enabling technology for ODM Aviation networks is advanced autonomy for
aircraft piloting. Autonomy is not new to aviation. By 1912, less than a decade after the Wright
brothers’ first flight, rudimentary autopilots were already being implemented in aircraft to hold
heading and altitude. Since the advent of computers, commercial aircraft have adopted
increasingly capable autopilots that can now fly the aircraft in nearly any weather condition during
all stages of flight. However, despite the sophistication of modern cockpit automation, human
pilots are required to monitor the systems at all times and take over for many critical phases of
flight. Aircraft autopilot systems are one of the most intensely regulated and certified components
of a new aircraft and account for a significant proportion of the overall development cost.

In stark comparison, autonomous systems for the operation of automobiles only progressed beyond
simple velocity hold (cruise control) capabilities within the past decade. Facing far fewer
certification and regulatory restrictions, automobile automation has evolved rapidly with fully
autonomous highway driving now available in some Tesla models. Furthermore, fully autonomous
vehicles for all driving modes are currently being tested on public roadways by numerous
companies including General Motors, Volvo, Mercedes-Benz, Audi, Tesla Motors, Google and
(reportedly) Apple [87].

The arms race among automobile manufacturers to produce cars with increasingly higher levels of
autonomy is predicated by a substantial list of projected benefits. However, as with any new
technology, a variety of challenges have also been identified associated with its implementation.
Table 8 provides a summary of the most significant benefits and challenges automation may
provide for ground transportation as collected from [88]-[91]; many of these correspond to
benefits and challenges for implementation of advanced automation in ODM aircraft as well.

Table 8. Potential benefits and challenges of autonomous automobiles.

Potential Benefit Potential Challenge
Reduced driver workload Increased vehicle and infrastructure cost
Reduced or negated driver wage Novel automation-related risks
Mobility for non-drivers Security and privacy concerns
Increased safety Induced demand that increases congestion
Increased traffic efficiency and reduced . .
. Social equity concerns
congestion
More efficient parking Reduced employment
Reduced environmental impact Diverted funding for public transportation
Promotion of mobility as a service Reactive regulatory, legal and insurance action
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Despite the numerous proposed benefits, rapid progress of development and large funding sources
supporting the development of autonomous vehicles (AVs), the literature is highly varied on the
actual realization date of widespread commercial AV usage. This indicates significant underlying
uncertainty in the technology readiness and adoption. Ref. [88] is most bullish suggesting AVs
may be on the mass market by 2022 to 2025 while Ref. [89] proposes that 2030 to 2040 is a more
appropriate time frame. Similar to aviation, perhaps the greatest two threats for ground-based AVs
are the development of restrictive regulations and liability concerns for potential accidents.

Many proponents of ODM Aviation view the rapid advancements being made towards
autonomous driving as an example of what may be achieved in Aviation. While AVs still face
significant implementation challenges, ground vehicle automation is also typically considered
more difficult than aircraft automation due to greater variability in road conditions, smaller
clearances and the more numerous and dynamic obstacles that cars must handle. Considering these
factors, advocates propose that the ODM community may rapidly develop advanced autopilots to
reduce or completely remove pilot training requirements [53].

Furthermore, the UAS industry is producing increasingly more sophisticated autopilots that make
the small, complex vehicles simple enough for a child to fly. Fully-autonomous flight modes are
also available in some UAS models that allow the vehicle takeoff, fly a self-selected route inside
the designated area and then land again. Perhaps more impressively, some UAS even have the
capability to autonomously follow a moving phone (usually on a person) while filming video and
avoiding obstacles in their path. ODM Auviation advocates recognize that as UAS scale for larger
payloads and package delivery missions, they may act as a pathfinder for ODM Auviation to follow
or appropriate autonomous technologies from.

While automation may significantly increase the demand and profitability of ODM aviation by
reducing pilot training requirements (facilitating easier private ownership) or removing costly
pilots from each vehicle, automation is less critical than either advanced telematics or quiet and
efficient electric propulsion technologies in terms of the implementation of initial ODM Aviation
networks. Demand currently exists for helicopter charter services, but is relatively small due to
costs and inconvenience of pickup and drop-off points. If novel electric aircraft are developed that
reduce operational costs and are able to serve more areas due to a lower noise profile, then demand
is likely to increase substantially. Long-term implementation of fully autonomous vehicles will
unquestionably increase profitability by removing the costs of paying a pilot for each vehicle, as
well as opening up an extra seat or equivalent mass in the vehicle for revenue payload.

2.4 Market Opportunity and Current Status of ODM Aviation

There is near universal agreement that a significant market exists for new technologies that reduce
congestion and provide individuals with greater mobility. While the United States has relied nearly
exclusively on the automobile as the primary mode of personal transportation for the past eight
decades, the capacity of the automobile to meet the projected (or even current) levels of demand
is diminishing. Authors have identified an emerging crisis where America’s highway, bridge and
road infrastructure is decaying and substantial mobility capacity stands to be lost unless enormous
investments to rebuild are made [3]. Researchers also suggest that the benefits of private
automobile transportation have reached an asymptotic state and further investment in increased
road capacity will not reduce congestion in the long run [92].
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Public transportation modes in dense population centers have, in many cases, also gradually
declined in the quality of service provided. As a result of inadequate investment in maintenance
and rising wages for employees, public transportation systems have degraded and provide more
unreliable services while charging higher fares to cover costs. This has resulted in a reduction in
ridership which is leading to additional cuts in service and higher fares. This cyclic cycle,
characterized as “Baumol’s cost disease,” has diminished the variety of mobility options available
to citizens and further increased the share of the population reliant upon personal cars thereby
worsening congestion [93].

The emergence of a sharing economy and mobility as a service may provide relief from these
transportation challenges. Removing private cars from the roadways and replacing them with
shared vehicles in ODM networks may reduce congestion. Furthermore, ODM Aviation networks
may provide a fundamentally new mode of transportation and remove vehicles from the roads,
particularly for long distance commutes.

Perceiving that ODM Aviation may fulfill this enduring transportation need in metropolitan areas,
researchers and manufactures have attempted to clarify the market opportunity and back out
vehicle and operations requirements necessary to operate a competitive service. Aircraft-based
aviation in metropolitan regions is often described as a “long tail” market. In a long tail
transportation market there is a relatively low demand for travel between any two given points,
however there are a large number of these origin/destination pairs demanded.

In other words, while traditional air carriers have converged on a hub and spoke model providing
services with a few, large aircraft flying routes connecting high demand city pairs, ODM Aviation
seeks to fly numerous point-to-point flights where any one route has low demand [53]. The overall
number of people transported by the few flights of the major air carriers may be similar in
magnitude to the demand people have for point-to-point flights with ODM Aviation companies.
Figure 16 presents a visualization of long tail markets and the types of aviation services that may
be categorized as servicing these markets.

Research has shown that a consumer’s willingness to select aviation transportation and pay an
increased premium over other mobility modes, such as public transportation or personal car
transportation, depends upon three primary attributes: travel cost, in-vehicle travel time, and out-
of-vehicle travel time (first mile/last mile ground transportation to airport) [58]. Long distance
trips have therefore typically produced a high demand for air transportation as significant time
savings are realized by the consumer and airlines experience positive operational feedbacks that
reduce costs per seat mile. Furthermore, for long distance trips consumers are willing to tolerate
significant first mile/last mile transportation distances to airports and the time consuming security
and check-in processes.

Although consumers demand more rapid short-distance transportation (especially in congested
urban areas), it has historically been difficult for air transportation to serve these markets because
the cost per passenger mile increases for short-distance flights and the first mile/last mile ground
transportation to and from airports becomes a more significant proportion of the trip block time
[52]. Therefore, in order to compete with automobiles for short-distance transportation, ODM
Aviation must develop new VTOL ground infrastructure that are located closer to demand centers
than current airports; they must also reduce the cost per passenger mile for flights compared to
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current helicopter operations. Market demand studies have suggested that to be competitive with
ground modes of transportation, ODM aviation will need to provide air service with fares between
$1.25 and $4.00 per seat mile for inter-urban trips (approximately 200 miles) [10], and on the order
of $0.5 to $1.0 per seat mile for intra-urban trips [58].

Figure 16 is a diagram frequently used in the ODM community that notionally displays how new
aircraft, infrastructure and telecommunication technologies may enable ODM aircraft operators to
serve numerous, low volume routes in inter-urban and intra-urban markets. Known as a “long tail”
market [94], the inter and intra-urban missions individually have relatively low demand and draw
in customers from a relatively small geographic area. However, the large number of these missions
create a total market share that is potentially on the scale of existing airline operations [53], [67].
In comparison, the traditional aviation markets towards the left of the curve have very high demand
for a small set of routes between common city pairs and draw in demand from a large geographic
area.
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Figure 16. Notional diagram indicating how new aircraft, infrastructure and telecommunication
technologies may enable ODM operators to serve the “long tail” of the transportation market.
Image adapted from presentations by Bruce Holmes and research by Harish et al. [67, p. 2].

While Figure 16 is useful to conceptualize the type of markets ODM Aviation may initially enter,
it does not accurately display the actual demand distribution for Aviation services. The reason for
this is that the demand indicated on the y-axis is dependent upon the geographic resolution used
in the analysis. For example, the demand for a specific major airline route represents only the
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origin-destination pair of the two airports on the route. In reality, the passengers using this service
must use ground transportation to and from their actual origin and destination points. This has the
effect of concentrating customers from a large geographic area into the routes between major cities
and inflating the demand estimated for that city-pair route.

The demand for a specific ODM Aviation route, on the other hand, may represent a route from a
specific address to another specific address (a very fine geographic resolution). This suggests that
as vehicle technologies improve, it may be possible that ODM Aviation services could provide
long-distance direct flights to and from flexible locations and reduce demand for the airport-
centered airline routes. In such a case, Figure 16 would become flat as concentrated routes would
cease to exist.

As presented in Section 2.3, a variety of new technologies are proposed to significantly reduce the
operational costs of ODM Awviation aircraft and enable VTOL access to urban areas. Numerous
research programs and companies are actively working to bring a viable vehicle to market to access
the untapped potential of ODM Aviation in metropolitan areas and personal air transportation.
Table 9 displays the list of companies that have publically announced intentions to develop aircraft
that may participate in ODM Aviation networks. While no vehicle has yet been brought to market,
many of these companies expect to have first deliveries by 2020.

Table 9. Manufacturers proposing to develop and produce ODM aircraft (in alphabetical order).

Manufacturer Vehicle Type
Aero Electric Aircraft Company Solar-electric trainer aircraft
AeroMobil Roadable, conventionally powered aircraft
Airbus A3 Electric VTOL multicopter
Aurora Flight Sciences Electric VTOL aircraft
Carter Aviation Conventionally powered VTOL aircraft
EHang Electric VTOL multicopter
Elytron Conventionally powered VTOL aircraft
Eviation Hybrid Al-Air+LiPo aircraft
Evolo Electric or hybrid VTOL multicopter
Joby Aviation Electric VTOL aircraft
Kitty Hawk unknown
Lilium Aviation Electric VTOL aircraft
Moller International Conventionally powered VTOL aircraft
Mooney International Electric trainer aircraft
Terrafugia Roadable, conventionally powered aircraft
XTI Aviation Conventionally powered VTOL aircraft
Zee.Aero Electric VTOL aircraft

The companies listed in Table 9, along with NASA and the FAA, are the primary stakeholders
involved in the development of ODM Auviation. This thesis engaged these entities to provide
notional ConOps, aircraft capabilities, projected market demands, potential challenge mitigation
proposals, and feedback on the results of this research. The collaborative development of key
technologies and procedures is recognized as important by this community during the nascent
periods of the industry.
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Finally, UAS operators and manufactures are also seeking to capture a portion of the demand for
metropolitan air transportation. While UAS may not move passengers for many years, they may
remove automobile trips from the roads and reduce congestion by completing tasks that previously
required travel. For example, Ref. [8] identifies 135 potential UAS applications for UAS, many
which may displace ground trips, and Ref. [95] provides an in-depth review for how UAS package
delivery may remove a substantial number of consumer and delivery vehicle ground trips.

Outside the aviation community, transportation and urban planning experts warn that when it
comes to transportation and congestion, “technological fixes are neither acceptable nor
affordable... [and] may solve immediate problems only to cause greater problems later...[by]
support[ing] a lifestyle that is damaging to the long-term social good” [96, p. 155]. ODM Aviation
has the potential to access a large, untapped market, produce a significant return on investment,
potentially reduce the burden of congestion and provide new capabilities to millions of Americans
as outlined in Table 3. However, the Aviation community and the nation at large must be mindful
to grow this new industry responsibly and address known concerns such as noise, pollution and
equity, as well as previously unknown challenges, some of which this thesis identifies.

2.5 Systems Approaches to Initial Requirements Definition

This section of the literature review does not focus on ODM Aviation, but rather provides a brief
overview of various approaches currently used for early-phase conceptual design and requirements
definition. As a reminder, while the three research questions of this thesis concern evaluating the
operational potential for ODM Aviation networks in metropolitan areas, to address these questions
it was necessary to first develop a holistic approach for conceptual design. A brief discussion is
provided to explain why existing approaches to initial requirements definition were not sufficient
to apply to ODM Auviation networks, identify constraints and externalities, and address the posed
research questions.

Traditional aircraft design texts typically assume that a set of specifications (requirements) already
exists, often provided by the customer, that were developed in consideration of a broad range of
factors. Jan Roskam suggests that these specifications may be derived from “independent market
surveys,” “customer requests,” or “operational requirements” [76, p. 3]. John Anderson states that
in rare occasions conceptual design may forgo a concrete set of specifications and rather result
from “the desire to implement some pioneering innovative new ideas and technology” [71, p. 382].

In the first requirements definition situation, the completeness of the requirements is essential to
the realization of a useful product. Therefore the process by which such requirements are defined
is of particular interest to this research. The second situation, which may be thought of as finding
a problem/market to address with an a priori technological solution, may create downstream
program challenges as the technology was not initially developed with respect to holistic
requirements of the specific application at hand.

The NASA Systems Engineering Handbook provides further insight into the factors considered for
traditional engineering early-phase conceptual design and the definition of design specifications.
The handbook describes the purpose of this period of conceptual design as:

To produce a broad spectrum of ideas and alternatives for missions from which new
programs/projects can be selected...determine feasibility of desired systems, develop
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mission concepts, draft system-level requirements, [and] identify potential technology
needs” [97, p. 7]

The handbook continues by stating that stakeholders, mission ConOps, technical performance
measures, cost, schedule, risk, and technology readiness level (TRL) should all be considered to
develop these system-level requirements and create alternative designs [97, p. 22]. While these
factors support engineers to assess the technical and managerial feasibility of potential programs,
they do not necessarily address factors such as legal and regulatory compliance, environmental
impact or social acceptance, among others.

Reaching into the literature of requirements engineering, a few approaches to consider these
peripheral disciplines emerge. Requirements Engineering (RE) “is concerned with finding out
about the future situation...gathering information and considering possible options, and ...
identifying what should be designed in order to meet some perceived future need” [98, p. 2]. This
same text on RE introduces nine communities, ranging from marketing to sociology to formal
computer science, and documents dozens of different techniques these communities have
developed to produce requirements. While each community may be effective at developing
requirements that address needs from their specific domain, programs that do not elicit
requirements from each domain may lack critical viewpoints and specifications necessary for
holistic design. Technically complex, novel products are especially susceptible to lacking RE
experts in non-technical fields such as sociology and law.

Furthermore, a domain-centered approach to requirements definition may neglect system
properties and needed requirements that emerge from interactions between the disciplines or the
interaction of the system with its environment. For this reason, RE has recognized the importance
of developing “non-functional” requirements that address emergent system properties and
influence factors for complex systems [99], [100].

When implemented, components of a system or interactions between the system and its
environment may cause emergent properties and attributes to exist that could not be predicted by
analysis in any single discipline. Non-functional requirements therefore seek to identify potential
emergent values and set expectations for how they will be expressed by the system. These non-
functional requirements ideally would capture the regulatory compliance, environmental impact
and social acceptance aspects, among others, of ODM Auviation operations and technologies that
represent significant and perhaps traditionally non-technical challenges to implementation.

Considering these factors, techniques for RE including soft systems, participative design and user-
centered design “encourage the requirements engineer to consider social, political and
organizational issues as part of the requirements investigation” [98, p. viii]. While these methods
show promise to facilitate more comprehensive holistic analysis that considers numerous key
domains beyond engineering, except for in the computer sciences these methods have not become
commonplace RE approaches for traditional systems engineering.

Another area of literature that has promoted similar techniques to define more holistic
requirements is enterprise architecting. Similar to soft systems methodology for RE, the ARIES
framework proposed by Nightingale & Rhodes employs ten “lenses,” or domain specific
viewpoints, to develop requirements for the selection of an appropriate concept architecture for an
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enterprise [14]. This concept of viewing a product or system from multiple viewpoints appears to
be key to identify potential challenges and constraints.

Moving beyond engineering, the environmental policy community has developed an approach
called “backcasting” that is intended to develop policy requirements to “produce the desired
technical, organizational, and social transformations” without “allowing the agenda to be captured
by the incumbents” [101, p. 1051]. As stated by Ref. [102, p. 172], “instead of starting with the
present situation and projecting prevailing trends (forecasting), the backcasting approach designs
images of the future that represent desirable solutions to societal problems and casts back to the
present.”

Framing backcasting in terms of engineering conceptual design, the methodology may enable
innovators to identify how radical new systems or products will interface with society in the future,
and then work backwards to vet the variety of technological, regulatory, legal, social and other
challenges and constraints that must be overcome to reach that projected future. The primary
advantage of the approach is that it provides a holistic view of the requirements necessary to
advance from the current state to the projected future. Furthermore, it avoids undue focus or bias
on specific issues or potential technologies.

A variety of early-phase conceptual design approaches may be used once a complete set of
requirements has been developed. For complex systems, such as a network of ODM aircraft,
tradespace exploration techniques created for systems of systems (SoS) or technology portfolios
may be appropriate [103], [104]. Previous studies have shown the value of tradespace exploration
for the architecting and design of transportation systems [105]. Tradespace techniques allow for
the satisficing of potentially numerous values from multiple domains through the manipulation of
various system design attributes. Furthermore, time dependency and uncertainty in performance,
customer, or market needs may be captured in these techniques through the use of Epoch-Era
Analysis [106].

For situations where the environment, technology capabilities and markets are expected to change
dramatically and unpredictably over time, then in addition to conceptual design that prioritizes
system value sustainment and resiliency, iterative systems engineering approaches that
periodically update system design or operations based on the changing context may be appropriate.
The “wave model” for SoS engineering has been proposed to continually re-evaluate a system’s
architecture and operations based upon changes in the external environment and periodically
update the system as necessary [107]. Similarly, the planned adaptation approach periodically
updates policies and regulations to account for new technologies, research findings or social
conditions [108]. A lifecycle design management approach may be appropriate to develop during
the conceptual design of a disrupting technology such as ODM Auviation that faces many
unknowns.

ODM Aviation presents a challenge for traditional early-phase conceptual design, especially for
requirements definition, primarily due to the high number of interactions the network has with its
environment such as infrastructure, noise, regulation and law. While a variety of conceptual design
approaches have been shown to be appropriate for the design of ODM vehicles and networks once
requirements have been defined, traditional engineering requirements definition approaches must
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be supplemented with concepts from backcasting, systems architecting, and computer science RE
to consider the influence of these non-engineering linkages.

This thesis evaluated the operational potential of novel technologies through a first principles
review of ConOps to identify challenges and requirements as part of conceptual design. This is not
a novel concept. With respect to metropolitan air transportation, Ref. [20] reviewed ConOps to
identify helicopter transportation challenges and requirements in 1970, Ref. [65] conducted a
similar study for inter-city air taxi services in 2006, and Ref. [52] reviewed a partial ConOps for
ODM aircraft in 2016. The approach developed in this thesis builds upon these previous studies.
Furthermore, the ConOps analysis is rooted in concepts from backcasting, systems architecting,
and computer science RE to support the definition of better requirements for ODM Auviation
networks during early-phase conceptual design.

2.6 Consideration of Externalities during Conceptual Design

Nearly all systems, products and activities result in some form of externality. In some cases these
externalities may be positive and provide communities with unintended benefits; these cases
represent a missed opportunity by the externality originator to garner revenue or otherwise
leverage the benefit. In other cases externalities may be negative and place unintended costs upon
some communities; these cases represent a risk to the originator and may result in litigation,
regulation or reduced demand feedbacks.

A review of the potential externalities associated with the operation of ODM Aviation services
was conducted in this thesis. The purpose was first to identify positive externalities that the
industry may maximize and exploit to support the near-term implementation of services. Second,
potential negative externalities were explored to identify how vehicle design, network operations
or community buy-in could be pursued as part of conceptual design to mitigate associated
downstream challenges of the externality.

An “externality” is defined by the Merriam-Webster dictionary as “a secondary or unintended
consequence.” Economists often supplement this definition by noting that externalities exist in
marketplaces when a cost or benefit of an activity or product is experienced by an agent that did
not choose to incur that cost or benefit [109]. A classic example of a negative externality is
pollution which may be emitted by an individual or company into the environment and negatively
impacts people seeking to enjoy or exist in the environment.

Externalities constitute a risk to their originator because parties negatively affected by an
externality may use legal, regulatory, public opinion or other mechanisms to seek retribution.
Responses such as these constitute a feedback loop through which additional operational
constraints may be levied on an operation. In the case of aviation, for example, the extensive use
of fossil fuels for propulsion has contributed a non-inconsequential percentage of the world’s GHG
emissions. As a result, the industry in now facing potential feedback reactions from local, national
and international governments in the form of carbon taxes, efficiency requirements and market-
based measures, among others.

When the costs associated with an externality are quantified and assessed to the originator, such
as through a carbon tax in the case of CO2 emissions, the externality is said to have become
“internalized” by the market. The internalization of externalities is a mitigation approach through
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which an originator (creator, emitter, etc.) of an externality may avoid feedback risks in the future.
However, the success of this approach relies upon the ability of the originator to forecast all
potential externalities and then negotiate a price system to compensate losses or accrue benefits.

In practice, many externalities are not identified during the conceptual design phases of a product
or system. Policy Impact Assessments (IAs), Social Impact Assessments (SIAs) and
Environmental Impact Assessments (EIAs) are commonly used by industries or required by
government agencies before implementation to identify the economic, social, environmental or
other impacts of a policy, program or project. However, these assessments are typically considered
one of the final certification steps of a project and may not be completed until well after the detailed
design phase of a project; this is in part because these methods are quite rigorous and require
substantial project information and data to complete.

As a result of the last minute nature of the various impact assessments, externalities are often not
explicitly identified until they emerge as a consequence of prototyping, implementing or even
operating a system. Feedback reactions to externalities in the form of operational restrictions on
the system itself are therefore often not anticipated during conceptual design and are only
experienced post-implementation. As a result, system operators may experience difficulty
modifying equipment or altering operations in response to externalities due to the lock-in of the
design or the high costs associated with changing built infrastructure and tooling.

In response to this limitation of current conceptual design methods, the systems-level analysis
approach develop in this thesis and pictured in Figure 2 attempted to identify potential externalities
that may result from the implementation of ODM Aviation networks, especially those that concern
environmental and equity factors. The purpose of the externality analysis presented in this thesis
was to make the community aware of some of the unintended impacts urban air transportation may
create and how these may represent opportunities or risks for ODM operations. A variety of
positive externalities are presented within the opportunities analysis of Chapter 3, and potentially
impactful negative externalities are discussed within the operational challenges analysis of Chapter
5.

The last two sub-sections of this chapter review the literature and provide a summary of how
externalities that influence social equity and environmental justice may represent near-term
development opportunities for ODM Aviation (where the effects are positive) or constitute
implementation and scale-up risks (where the effects are negative).

2.6.1 Externalities Related to Social Equity

Transportation Equity has historically been used to describe the concept that all people and
communities should have a standard, fair baseline level of access to transportation [110]. Because
a majority of American cities and communities have been designed around the car as the primary
mobility mode choice, transportation equity has often been framed in terms of access to road and
highway infrastructure.

It should be noted that equity is distinctly different from equality. Equity is the concept that all
people have a right to some fair minimum threshold of access to a good or service, that the access
to this good or service should not be spread too divergently across the community, and that the
government has a role to provide impartial, fair and just policy to manage the good or service
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[111]. Equality on the other hand implies that all individuals have identical levels of access to a
good or service.

Access to a baseline degree of effective and affordable mobility is considered a fundamental need
to exist in modern society. Nearly every form of employment, healthcare, education and child care,
among other essential services, requires access to transportation. Furthermore, an individual’s
access to mobility often influences where they live and perpetuates the spatial segregation of the
poor, minorities, the aged and the disabled in peripheral or undesirable communities [112].

Transportation equity became a national issue in the 1990s as social movements elsewhere
(particularly in environmental justice) gained traction and the central role that transportation
played in perpetuating inequity was recognized. Concerns over transportation equity were a central
challenge for the implementation of congestion pricing, and significant research in the past decade
sought to address these challenges [113]-[115].

While traditional modes that provide equitable transportation options (such as public transit) have
not been sufficiently maintained and enlarged to provide high-quality service and geographic
coverage of metropolitan regions, the recent emergence of mobility as a service and the sharing
economy show promise to provide high quality mobility to currently underserved individuals. Ride
sharing services and transportation network companies (such as Uber or Lyft) now offer many
individuals access to an automobile at costs comparable to public transportation. For some,
journeys that may have taken an hour or more to complete on public transit are now affordably
completed in as little as half an hour through ODM car services [116].

These new ground based transportation modes, as well as ODM Aviation, will not only offer new
transportation options to consumers but may also induce a variety of changes to city structure and
consumer lifestyles that could represent equity concerns. The development of streetcars and
automobiles are historic examples of such impact as expressed by Scott Bottles in Los Angeles and
the Automobile [117, p. 10].

The availability of mechanized transportation therefore altered both the social and spatial
organization of the city. The suburbs, once the retreat of the unskilled and unemployed,
suddenly became the preserve of the relatively affluent.

Because the potential impacts of ODM Aviation present equity concerns in realms well beyond
transportation, the focus of this thesis was broadened to the more comprehensive concept of social
equity.

2.6.2 Externalities Related to Environmental Justice

Environmental justice is defined by the U.S. Environmental Protection Agency as “the fair
treatment and meaningful involvement of all people regardless of race, color, national origin, or
income, with respect to the development, implementation, and enforcement of environmental laws,
regulations, and policies” [118]. Consistent with the aims of social equity, the primary purpose of
environmental justice considerations is to provide all individuals with a fair, baseline level of
protection from environmental and health hazards, and an equal opportunity to make personal
lifestyle decisions and participate in the policy-making processes to enhance their wellbeing
beyond this baseline.
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Environmental justice activists seek to identify and address industries, governments and
individuals that impose unequal environmental burdens upon a community based upon differences
in its attributes (race, ethnicity, wealth, power, etc.), geographic location (inner cities, suburbs,
rural areas, etc.) or employment (blue collar, white collar, etc.) [119]. Environmental justice
concerns and campaigns have impacted numerous industries since the 1970’s including waste
disposal, resource extraction, highway planning, and airport construction, among others. Perceived
as threats to the core of democracy and equal rights, environmental justice issues have frequency
garnered a national spotlight resulting in damage to the legitimacy or public perception of the
polluter. Two recent examples of national environmental justice issues were the 2014 Flint water
crisis and the 2016 Dakota Access Pipeline protests.

The transportation sector has frequently been a focal point for environmental justice concerns.
Transportation infrastructure pervades every community, and nearly all transportation vehicles
have potentially harmful health impacts including emissions, noise, physical hazard (safety) and
water contaminants. Large transportation infrastructure, such as highways or railways, were often
routed through poorer communities and viewed as a textbook example of the unjust distribution
of environmental burdens.

This thesis reviews the implementation and operation of ODM Aviation services with respect to
numerous environmental justice considerations. Community noise impacts from operations, land
use requirements for ground infrastructure, safety considerations from vehicle operations and
emissions, as well as air and water impacts were all reviewed. However, greenhouse gas (GHG)
emissions from ODM Auviation were investigated in greater detail due to the significant
international political and regulatory attention that has been given to this specific externality. It
was hypothesized that if ODM Aviation significantly increase GHG emissions compared to current
modes of urban air transportation then operational limitations may be imposed by local or state
governments. On the other hand, if ODM Aviation services reduce GHG emissions compared to
current modes, then operators may be able to leverage this positive externality to foster the near-
term implementation of these networks.

On a global scale, the unequal distribution of costs and benefits from climate change (a primary
externality of transportation) has prompted significant international activity to address greenhouse
gas emissions. Transportation as an economic sector accounted for 14% of the worldwide GHG
emissions in 2010, and 23% of the energy-related CO> emissions [120]. Furthermore, while many
other economic sectors are effectively reducing total emissions through mitigation policies and
technologies, CO, emissions from transportation grew 44% between 1990 and 2007 and are
expected to account for over half of all global CO2 emissions by 2050 due to the dramatic increase
in worldwide demand for mobility [121]. With the development of the Paris Agreement at the
United Nations Framework Convention on Climate Change in 2016, GHG emissions from all
sectors will be strictly scrutinized by signatory governments moving forward.

Aviation has often been a challenging sector for GHG reduction targets. As one of the most energy
intensive forms of transportation, aviation contributed 2.5% of the world’s GHG emissions in 2014
[120] and is expected to climb to as much as 18% by 2050 [121]. Moreover, unlike automobile
transportation, which has been described as “the most democratic of pollution sources” as it is
available to nearly every American [122, p. E1], aviation is transportation primarily for the middle
and upper classes. Figure 17 reveals a dramatic increase in aircraft utilization by individuals who
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have higher incomes [123]. This characteristic inherently exposes aviation to environmental justice
concerns (as well as social equity concerns). Aviation induces demand for long distance travel
among wealthy individuals and significantly increases their contribution of GHG emissions and
the associated environmental externalities.
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Figure 17. Consumer utilization of aircraft transportation modes increases with income and is
primarily available for the middle and upper classes. Image reprinted from “The Past and Future
of Global Mobility” by Schaefer & Victor [123, p. 60].

ODM Awviation is entering an aviation community and world that is more aware of environmental
justice considerations, climate change and GHG emissions than at any previous time in history.
The International Civil Aviation Organization (ICAO) recently developed a market-based measure
scheme to offset and reduce CO2 emissions from international flights with the goal of carbon
neutral grown from 2020 onwards [124]. While this agreement does not apply to domestic ODM
operations, it may indicate that future emissions reduction agreements could impact domestic
activities. Numerous states have adopted their own ambitious plans for GHG reductions.
Massachusetts, for example, has committed to reaching carbon emissions reductions of 80% below
1990 levels by 2050 [125]; California has committed to the same goal [126]. Furthermore, the
Intergovernmental Panel on Climate Change (IPCC) has specifically recommended that the
following steps be taken to reduce GHG emissions from passenger transportation [120, p. 603]:

1. Avoid journeys through urban densification and telecommunication technologies.

2. Shift modes to lower-carbon transport systems such as public transit, walking or cycling.
3. Lower the energy intensity of transportation through new vehicles and higher load factors.
4. Reduce the carbon intensity of fuels through electrification or alternative fuels.

ODM Aviation appears to be relatively at odds with the first two, and to some degree the third, of
the IPCC recommendations. Finally, the IPCC also specifically cautions transportation planners
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against inducing additional travel demand through the expansion of airport infrastructure [120, p.
631].

ODM Awviation may face significant operational constraints as a result of environmental justice
externalities, especially in response to noise and GHG emissions. However, there are also
numerous positive externalities that may be leveraged by near-term operators to support the
implementation of ODM networks in communities and metropolitan areas. In either case it is
necessary that the ODM Aviation community considers environmental justice externalities during
conceptual design.

69



70



3 ODM Aviation Market Opportunities and Case Study Definition

While the previous chapter reviewed historic attempts to implement urban air mobility services
and the current approaches used for requirements engineering during early-phase conceptual
design, this chapter presents an assessment of the market potential of current day ODM Auviation
proposals and defines the system boundary for ODM Aviation services in Los Angeles.

First, the business opportunities for air transportation services in metropolitan areas were
examined. This review provided an understanding of the types of missions ODM aircraft may fly
and the business architecture, or concept, under which they may be operated. The business
opportunity analysis was aircraft and geographic location agnostic. However, some basic
requirements including V/STOL capability became apparent.

Second, the Los Angeles basin (and the greater southern California region) was selected as an
initial case study due to the expectation that it may uniquely support the near-term implementation
of ODM Auviation networks due to multiple favorable traits such as generally good weather, a
significant number of current helipads, and severe surface transportation congestion. A system
boundary was defined to encompass this area based upon consumer demand and anticipated ODM
missions characteristics.

Third, a variety of positive externalities that may result from the implementation of ODM aviation
services were evaluated. These externalities represent ancillary benefits to an urban area that may
potentially be leveraged by ODM Aviation operators as opportunities to gain government funding,
public acceptance, or market share. As such, a variety of mission qualities and impacts were
identified that may promote the near-term adoption of ODM Aviation services.

Figure 18 displays initial steps of the first principles analysis approach developed in this thesis to
assess the operational potential of ODM Aviation. The efforts presented in this chapter correspond
to the first two steps of the analysis approach, outlined in red. As may be seen, the market analysis
and ODM Aviation adoption opportunities identified within this chapter will be used within the
next steps of the approach to develop reference missions within the L.A. system boundary.

Define a system boundary for the region of interest

Conduct a market analysis to identify
potential early adopting populations/areas

Define reference missions with diverse Create reference missions with randomly
characteristics from early adopting areas selected origin and destination points

Figure 18. Steps one and two of the approach taken in this thesis to evaluate the operational
potential of ODM Aviation define the system boundary and identify characteristics of early
adopting markets.
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3.1 Promising Mission and Business Concepts for ODM Aviation

To determine the operational potential of ODM Aviation networks in metropolitan areas, a review
of the projected business opportunities and types of missions these networks may engage in was
conducted. Four categories of missions were hypothesized that were anticipated to be viable for
ODM aircraft with a maximum range of up to roughly a hundred miles.

1. Daily Commute (DC): Aircraft are utilized during business days to transport individuals
between a location near their place of residence to a location near their place of work, and
vice-versa. These missions are typically short duration and short distance occurring within
a city’s immediate vicinity. Demand for this mission is bimodal in a 24 hour period
representing morning and evening commuting patterns.

2. Weekly Commute (WC): Aircraft are utilized to transport individuals to and from their
place of residence and place of work on a weekly basis. These missions are typically long
duration and long distance for individuals who chose to live well apart from their place of
work.

3. Non-Commute Point to Point (P2P): Aircraft are utilized to transport an individual on a
non-commuter trip between two locations. These missions may either be short distance,
such as within a city, or longer distance, such as between two cities. This mission may also
involve moving goods rather than individuals (courier service).

4. Non-Transportation Mission (NT): Aircraft are operated to provide a non-transportation
service. This may include sightseeing, law enforcement, or news gathering, for example.

In Section 2.2.2 a variety of emerging On Demand Mobility business concepts for surface
transportation were reviewed. Table 2 related these surface transport business concepts to aviation
and found that the sharing network, peer-to-peer rental network and transportation service provider
business models may potentially be adaptable for ODM Auviation. Table 10 revisits these three
ODM business models, presents specific concepts to implement the given business model in
aviation, and indicates which category of mission operations are likely to be conducted for that
business concept.

In addition to the five ODM business concepts presented in Table 10, the aircraft in ODM Aviation
networks could also be utilized by other non-commercial transportation operators and sectors.
While this thesis was concerned only with evaluating the operational potential for commercial
ODM Auviation services, Table 11 displays additional markets in which ODM aircraft may be
deployed.
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Table 10. Business concepts for ODM Auviation.

ODM Business
Model

Operation Type

Business Concept for Aviation

DC | WC | P2P

NT

Aircraft Sharing
Networks

Jointly Owned Aircraft: A group of individuals
jointly own and operate a single vehicle (perhaps
through private fractional ownership). The vehicle
is flown as a private operation under FAR Part 91
by the owners.

vViv v

v

Rental or Leased Aircraft: An individual may rent
or lease an aircraft to be operated as a private
vehicle. The vehicle may potentially be rented for
short or long durations, one way or round trip,
similar to current rental car options.

Commercial Fractional Ownership & Cards:
Individuals purchase a share of an aircraft and pay
additional prices for usage of the vehicle and its
professional piloting crew (or autonomous pilot).
A company maintains and dispatches a fleet of
aircraft to meet demand.

Peer-to-Peer
Rental Networks

P2P Rental Network: A coordinating company
connects pilots looking to rent aircraft with local
private owners of aircraft they are certified to fly.
The company manages bookings and flight
insurance.

v v

Transportation
Service
Providers

ODM Air Taxi Network: A TSP owns and
operates a fleet of aircraft through FAR Part 135
certified pilots or full automation.

Vv v

v

Table 11. Alternative, non-commercial ODM business concepts for novel aircraft.

ODM Business
Model

Operation Type

Business Concept for Aviation

DC | WC | P2P

NT

Public Services

Emergency Medical Services (EMS): An aircraft
is used to transport individuals to a hospital,
transfer patients between facilities, or convey
medical goods such as live organs or medicines.

v

Law Enforcement: An aircraft is used to move
personnel and supplies from point-to-point, or to
surveil a situation or suspect.

Electronic News Gathering (ENG): An aircraft is
used to move personnel and supplies from point-
to-point, or to surveil a situation or suspect.

Private Air
Transportation

Privately Owned Aircraft: An aircraft is privately
owned in whole by an individual, business, or
family and operated under FAR Part 91 standards.

v
v
v

<<
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These markets are important not only for vehicle manufacturers to consider, but also for ODM
Aviation operators. The barriers to entry for new general aviation (GA), privately owned aircraft
are far fewer than for commercially flown Part 135 operations. As such, flight experience with
novel vehicle architectures and automation is likely to be gained in general aviation first. The
public service operations also face fewer barriers to entry than ODM passenger services.
Furthermore, EMS, law enforcement and new gathering operations also have decades of operating
experience with helicopters. These three public service markets may adopt novel ODM aircraft
before ODM Aviation networks are viable. Both GA and public service operations may therefore
represent early adopting markets from which prospective ODM Aviation service providers may
garner experience.

3.2 L.A. Case Study System Boundary Identification

The Los Angeles basin was selected for the initial ODM Aviation case study due to the expectation
that the metropolitan area was uniquely suited as an early adopter market because of its large
consumer base, existing helipad infrastructure and mild weather. It was anticipated that L.A.
exhibits a strong market pull for ODM Auviation due to its large population, polycentric city
structure and severe roadway congestion. A previous study also identified that the L.A. basin had
a significant number of existing helipads in the central business districts (CBDs); these helipads
were viewed as a potential asset for ODM Aviation networks [13]. Beyond infrastructure, it was
suggested that the mild climate, lack of extreme weather and current presence of numerous
helicopter charter operators would simplify the implementation of ODM Aviation networks.

In order to define the case study system boundary, four factors were investigated to indicate where
(geographically) near-term ODM Aviation services may be provided in the Los Angeles basin.
The four factors considered were:

Commuter transportation flows into the Los Angeles metropolitan area
Anticipated ODM mission characteristics and aircraft range capabilities
Current helicopter charter services in the Los Angeles basin

Population density of communities in Southern California

PoNhdE

First, the current-day journey to work commuter patterns in the L.A. basin were investigated.
Figure 19 displays a mapping of commuting flows from the 2006 to 2010 American Community
Survey for Southern California. The flows have been color coded to reveal commuter travel
patterns into major metropolitan areas, and heavier line thickness corresponds to flows that contain
more daily commuters [127]. It was immediately recognized that Los Angeles County draws in
workers from a significant portion of Southern California, even from some communities at a
substantial distance inland. These long-distance, inter-community commuter flows may represent
potential ODM Aviation missions that were captured in the case study.

Furthermore, the high density of commuter flows in the heavily populated areas immediately
surrounding the Los Angeles CBD indicate that ODM Aviation operations may experience
significant short distance demand within this inner region. Such intra-city flights may have
substantially different vehicle requirements and flight profiles compared to the longer distance
flights to the outlying communities. The existence of these high density, intra-city commuter
patterns indicated the case study should consider a second, inner system boundary to capture the
differences between these operations and long-distance, inter-community operations.
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Finally, although the three CBDs indicated in Figure 19 appear to be at the center of dense
commuter inflows (indicated by color coded lines for each CBD), there are also a number of
interconnections between the CBDs themselves or other areas in their “commuter basins”. These
inter-city commuter routes are especially interesting as they may indicate relatively stable
consumer demand for travel along specific routes between nearby CBDs. Considering this finding,
the case study system boundary was expanded to contain the Santa Barbara and San Diego CBDs.
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Figure 19. Relative density of commuter flows in the Southern California megaregion revealing a
large commuter basin surrounding Los Angeles (purple) with interconnections between the L.A.,
San Diego (pink) and Fresno (green) commuter regions. Image reprinted from Nelson & Rae
[127].

While the visual investigation of the commuter flows in Figure 19 revealed some specific cities
and regions that were considered in the case study, a useful and more inclusive construct to support
the system boundary definition was the concept of a “megaregion” [127], [128]. Megaregions are
large networks of metropolitan areas interconnected not only geographically, but also through
mutually dependent environmental systems and topography, infrastructure systems, economic
linkages, culture, history and land use patterns. The mutual dependency and shared attributes of
the cities in a megaregion encourage (or necessitate) transportation between one another and may
represent likely initial system boundaries for an ODM Aviation network.
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The second resource employed to identify the geographic boundary of the case study was a review
of the characteristics of various ODM mission categories and the associated projections of ODM
aircraft range capabilities. As presented in Section 2.4, two general types of aviation operations in
metropolitan regions have been commonly discussed in the literature. The first type is inter-urban
flights between nearby cities, conducted either by commuter airlines or ODM Auviation networks.
The second type of operation is intra-urban flights within a single metropolitan region. These
missions are anticipated to be provided by ODM Auviation networks and helicopter charters.

Commuter airlines typically operate fixed-wing, 6-9 passenger, “thin-haul” aircraft between city
centers and points of interest, such as from Boston to Providence. As discussed in Section 2.1.4,
commuter airline routes are typically less than 100 miles in range. Although current commuter
operations are not strictly classified as “on demand” providers since flights are scheduled, specific
route may have departures as frequently as every 15 minutes during peak demand periods. While
some commuter airline flights may be as short twenty miles in range, these flights are often
between two nearby islands or cities, rather than within a single urban area.

In addition to commuter airlines, emerging ODM Aviation operators are also expected to begin
inter-urban services between nearby cities or surrounding communities. These operators may elect
to use smaller aircraft as they intend to operate non-scheduled flights; on-demand operation makes
it difficult to achieve high load factors in large aircraft through customer pooling. If aircraft with
VISTOL capabilities are utilized, then off-airport operations into or out of dense CBDs may be
possible as opposed to current fixed-wing operations which are restricted to airports.

The second general type of metropolitan aviation operation is intra-urban flights within a single
urban core and its surrounding satellite cities or residential areas. Intra-urban operations are
anticipated to be provided by networks of ODM aircraft that serve a diverse set of routes in a
metropolitan area. This contrasts with the relatively set routes of inter-urban operations.
Furthermore, because intra-urban operations require aircraft to conduct takeoff and landings in
dense urban areas, these types of operations are expected to interact more directly with the non-
flying public and experience new challenges traditional commuter airlines have not encountered.

These two anticipated types of metropolitan aviation, distinguished primarily by origin and
destination location and mission range, indicated the need to identify a broad system boundary
containing other major CBDs and communities in Southern California, while also designating an
inner system boundary indicating the immediate metropolitan boundaries of Los Angeles itself.

Current helicopter charter offerings were used as the third resource to develop the case study
system boundary. Helicopter charter operations represent the nearest aviation proxy for intra-urban
ODM flights. Additionally, some long range helicopter charter flights also represent inter-urban
routes that may be served by commuter airlines or future ODM networks. Therefore, the demand
and operations of current helicopter charters in L.A. was investigated as a reference point.

Twelve helicopter charter companies located in Southern California were reviewed based on
available webpage information. Findings are presented in Table 12, and Figure 20 displays an
example range and distribution of missions offered by one of these companies. Clearly, the demand
for helicopter charter services extends well beyond the central L.A. CBD into the broader Southern
California megaregion.
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Table 12. Review of select Southern California helicopter charter companies.

Helicopter Charter
Companies

Home Airport/Helipad

Services

Orbic Air

Bob Hope (BUR)

charters, tours, ENG, airport shuttle

Helinet

Van Nuys (VNY)

charters, ENG, police, healthcare

Elite Helicopter Tours

Van Nuys (VNY)

charters, tours

Jetboy Helicopters

Van Nuys (VNY)

charters, tours

LA Helicopter Tours

VNY, BUR, EMT

charters, tours

LA Helicopters

Long Beach (LGB)

charters, tours

Star Helicopters

Hawthorne (HHR)

charters, tours, air taxi

JJ Helicopters Inc.

Torrance Field (TOR)

tours

Celebrity Helicopters

Compton/Woodley (CPM)

charters, tours

Island Express Helicopter

Long Beach Helipad

charters, tours, scheduled flights

Bakersfield Helic. Charters

Meadows Field (BFL)

charters, tours, surveying

Corporate Helicopters

Montgomery Field (MYF)

charters, tours
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Figure 20. Typical helicopter charter service offerings by a representative L.A. basin company.
Image retrieved 6/12/2016 from www.star-helicopters.com.
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The final factor used to set the system boundary for the L.A. case study was population density.
The population densities for the intra-urban areas immediately surrounding the L.A. CBD were
thousands to tens of thousands of individuals per square mile. However, many of the communities
and areas in the outlying regions of the L.A. basin had a much lower population density, or even
zero development. Considering that long distance inter-urban ODM missions are more likely to
fly between significant population centers, it was determined that the system boundary should
exclude large areas that did not have at least 100 people per square mile.

Considering the insights from the investigation of these four factors, geographic (system)
boundaries for both the inter-urban and intra-urban operations were developed for the case study.
Figure 21 presents these boundaries overtop a population density map of Southern California.

PACIFIC OCEAN

Persons per square mile
Tracts
. 100,001 or more people
I 25,001 to 100,000 pecple
I 10,001 to 25,000 people
M 1,001 to 10,000 people
[ 101 to 1,000 people
100 or less people

Mo population Br¥ e ———

Figure 21. L.A. basin system boundary delineating intra-urban and inter-urban ODM Aviation
operations regions. USA_Population_Density map © 2013 Esri, retrieved from www.arcgis.com.
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The outer, irregularly shaped blue boundary contains a majority of the city centers and densely
populated regions of the Southern California megaregion. This boundary also encompasses major
existing helicopter charter markets within roughly a 125 mile radius of the L.A. CBD. It was
assumed that operations within this boundary were reasonable long-range missions for an inter-
urban ODM aircraft.

The inner, red circle represents the L.A. basin metropolitan area and its surrounding residential
areas and satellite cities; the circle sweeps out a radius of 30 statute miles. Inter-city ODM Aviation
services may potentially be provided to residents within this area.

3.3 L.A. ODM Aviation Consumer Demand Estimation and Geographic Locating

In order to define reference missions and their associated ConOps within the L.A. region, a general
understanding of the potential consumer demand for ODM Auviation was developed. Section 3.1
identified four categories of missions that may potentially be viable for ODM aircraft operations.
For this case study, the “weekly commute” and “non-transportation” missions were anticipated to
represent small market opportunities and therefore were not evaluated. More specifically, it was
perceived the weekly commute missions represented a relatively small market sector with limited
demand and customers. The non-transportation sector, on the other hand, represented a thriving
market that was served by helicopters, and increasingly more so, unmanned aircraft systems. Due
to the entrenched position of these competitors, the non-transportation mission category was not
considered in this case study as a likely early adopting sector for ODM services.

Having removed these two mission categories from initial consideration, the L.A. basin case study
sought to characterize the relative demand for the remaining two categories of missions: daily
commute and non-commute point-to-point. The demand for these missions has historically been
satisfied through a variety of services in the L.A. basin. Transportation modes such as public buses,
commercial taxis, commercial rental car or car share entities, charter helicopters, and private cars
provide consumers with a variety of mobility choices. These options exhibit varying attributes a
consumer may consider when selecting how to travel such as cost, speed, geographic coverage and
reliability. Table 13 displays a notional comparison of a few attributes important to most
individuals for a set of common mobility modes they may consider. The performance attributes
presented in Table 13 were defined in this research as:

e Operations Cost: the direct financial expense to the consumer of utilizing the mobility
mode. This may include the cost of gasoline, fares, tolls, and parking, among others.

e Ownership Cost: the direct financial expense to the consumer of owning the mobility mode.
This may include the costs of maintenance, insurance, certification, and depreciation,
among others. Note that consumers bear no ownership costs for commercial or public
transportation services.

e Acquisition Cost: the direct, one-time financial expense to the consumer of purchasing the
mobility mode vehicle. Again, consumers bear no acquisition costs for commercial or
public transportation services.

e Speed: the relative rate (compared to the other mobility options) with which a consumer
may reach a desired destination through this mobility mode. Actual travel speed may vary
with weather conditions, congestion and destination proximity to a transportation node
(such as a stop or station), so a rough estimate of the average is used.
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e Availability: the ability of a consumer to utilize the mobility mode at any given time of

day, with or without prior planning.

e Geographic Coverage: the ability of a consumer to reach any desired destination though

the mobility mode. Geographic coverage captures factors such as the number and location

of potential destination nodes the mobility mode could reach.

Table 13. Comparison of key performance and cost attributes of consumers for common mobility

modes.

Mobilit Operations | Ownership | Acquisition . ... | Geographic

Modey IOCost Cost i qust Speed | Availability Cogergge
Private Car Low Medium High Medium High High
Carpool Low Low Medium | Medium | Medium Medium
Bicycle None Low Low Low High High
Taxi/Uber Medium None None Medium High High
Bus/Metro Low None None Medium Low Medium
Helicopter High None None High Low Low
Hypothetical
ODM Medium None None High Medium Medium
Aircraft

A consumer’s selection of a particular mobility mode (from the set available to them) depends
upon their unique set of preferences. Oftentimes these preferences are dynamic and vary with the
context, or setting, in which the individual is making their decision. By identifying contexts or
specific consumer groups where consumers were more likely to value higher speed transportation,
despite the higher relative operations cost, this research identified specific early adopter markets
and missions for ODM Aviation. Furthermore, this analysis approach enabled this research to
specify geographic regions ODM Aviation may initially serve in the L.A. basin.

For example, individuals traveling long distances or through heavy congestion are likely to express
a higher willingness to pay for the increased speed of ODM Aviation. Similarly, it is also probable
that individuals traveling to events or popular areas (such as a baseball game or shopping center)
expect to encounter significant congestion and may be more likely to desire the capabilities of
ODM aircraft. Consumers with high personal wealth may also be assumed to have a higher
willingness to pay for ODM Aviation. Finally, it was anticipated that consumers with tight
timelines or significant consequences for travel delays, such as individuals traveling to airports or
hospitals, may express a higher preference for ODM Aviation.

This research sought to corroborate and confirm the potential demand patterns developed from
intuition above by examining three main sources of data:

1. Current helicopter charter services were reviewed to identify market demand in the form
of existing metropolitan air transportation missions. Furthermore, the current price
supported in the market for these services was evaluated.

2. Census data was examined to identify commuters that experience exceptionally long
distance or long duration daily commutes. It was anticipated these individuals may place a
higher value on the speed of the transportation mode.
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3. Consumer wealth data, gathered through the proxy of home valuation and average
household income, was examined to identify wealthy communities that may have a greater
willingness to pay for the enhanced value provided by the service.

Figure 22 is a notional diagram displaying the current utilization of various common mobility
modes in the Southern California metropolitan region and their associated relative costs. Private
car, carpooling, transit and non-motorized (walking or biking) modes were considered based upon
commuting data from that Southern California Association of Governments [129]. The associated
cost data for each mode was notional and intended to capture the comparative cost of transportation
by each mode for the consumer.
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Figure 22. Southern California metropolitan region commuter mobility mode cumulative density
function with notional mode costs for the consumer.

Aircraft charter and air taxi services do not currently account for a significant percentage of the
L.A. basin mobility portfolio. The distribution in Figure 22 is dominated by individuals driving in
private cars; this mode represents over three fourths of all commuter trips. There are numerous
studies dedicated to explaining why the L.A. basin came to rely predominantly on private vehicle
transportation, and the city’s experience may be taken as a microcosm of the overall American
“car culture” [117], [130]. However, for this study the complex factors behind the rise of the car
culture are reduced to the simple characterization that private automobiles provided owners with
high availability transportation to flexible destinations at reasonable costs and speeds.

Helicopter and aircraft charter services do not represent a significant percentage of the current L.A.
basin mobility portfolio in part because they are too expensive for a majority of the market.
Furthermore, outside a few specific routes, helicopters do not provide sufficiently increased
availability and geographic coverage to justify their cost premium for those who can afford the
service.
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As presented in Section 2.3 and displayed in Table 13, proposed ODM Aviation networks are
anticipated to provide greater availability and geographic coverage than traditional aircraft or
helicopter charters, and at lower cost. These characteristics would strategically position ODM
Aviation to capture the low cost end of the current aircraft charter market, as well as the high cost,
long distance or long duration trips of the personal vehicle market as shown in Figure 23. It is also
possible, but not indicated in the figure, that ODM Aviation could capture some passengers from
the carpool and public transit modes as well.
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Figure 23. Southern California metropolitan region commuter mobility mode cumulative density
function displaying the potential for ODM Auviation to replace low cost aircraft and helicopter
charter operations while capturing high cost, long distance automobile trips.

The remainder of this subsection introduces the three data sources utilized to characterize the early
adopter markets and define reference missions for the case study.

3.3.1 Consumer Demand for Helicopter Charter Flights

As shown in Figure 23, ODM aircraft services are anticipated to attract customers currently
purchasing services from aircraft or helicopter charter services. While some companies such as
SurfAir, Imaginair, and OXJET currently operate aircraft charters in the L.A. basin, a majority of
their offerings extend to locations beyond the inter-urban system boundary and well beyond the
intra-urban boundary defined in Figure 21; these long-range charter flights were therefore not
considered in this analysis. However, numerous helicopter companies provide charter services
within the L.A. basin that are similar to projected ODM Aviation missions, as shown in Table 12.

In order to capture the market’s willingness to pay for metropolitan air transportation, commercial
helicopter charter price quotes were gathered for numerous providers in the L.A. region. Table 14
presents information for a variety of popular point-to-point missions for three helicopter charter
companies based in Los Angeles. The costs for their services were estimated from publically
available price quotes provided on the companies’ websites as of June 2016. While many of these
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quotes required the rental of the entire helicopter, a cost per passenger was estimated by assuming
the vehicle was flown at full load capacity.

The cost per passenger data represents a lower bound for the price competitiveness of current
helicopter operations. The ground distance of the missions was found through the Google Maps™
mapping service as the fastest (though not necessarily shortest distance) route, and the air distance
was assumed as the line of sight distance between the origin and destination. Estimating flight
range as line of sight distance was a limitation of this analysis and likely underestimated the actual
required flight range due to deviations required for air traffic control, restricted airspaces, or
weather, for example. The three charter companies reviewed in Table 14 use a variety of
helicopters ranging in capability from the piston engine, three passenger R-22 to the turbine
engine, five passenger Eurocopter AS 350.

Table 14. Pricing information for select helicopter charter services in the L.A. region.

Provider Route Distance (m_|) Cost/PAX
Ground — Air

Orbic Air Burbank to Coachella Music Festival 144 — 127 $747
Orbic Air Burbank to Dodger Stadium 14 -10 $1049
Orbic Air Burbank to Angel Stadium/Honda Center 43 — 38 $1345
Orbic Air Burbank to Santa Barbara 89 -78 $587
Orbic Air Burbank to San Diego 135123 $747
Orbic Air Burbank to Palm Springs 123 - 110 $747
Orbic Air Burbank to downtown L.A. and return 17-11 $999
Orbic Air Burbank to LAX 33-18 $320
Orbic Air Burbank to Big Bear 103 — 83 $533
Orbic Air Burbank to Orange County (SNA) 53 -45 $427
Jetboy Helicopters | Van Nuys to San Diego 144 — 128 $658
Jetboy Helicopters | Van Nuys to Santa Barbara 79-71 $397
Jetboy Helicopters | Van Nuys to Palm Springs 129 - 115 $658
Jetboy Helicopters | Van Nuys to LAX 21-19 $200
Jetboy Helicopters | Van Nuys to Orange County (SNA) 60 — 51 $283
Star Helicopters General Rate - $1100 per hour for 4 PAX

Star Helicopters HHR to Bakersfield and return 119 — 107 $660
Star Helicopters HHR to Big Bear and return 109 - 86 $550
Star Helicopters HHR to Burbank and return 29-19 $220
Star Helicopters HHR to Orange County (SNA) and return 3932 $275
Star Helicopters HHR to Oxnard and return 66 — 52 $330
Star Helicopters HHR to Palm Springs and return 117 - 103 $605
Star Helicopters HHR to San Diego and return 123 - 107 $950
Star Helicopters HHR to Santa Barbara and return 99 — 85 $550
Star Helicopters HHR to Santa Monica and return 15-11 $165
Star Helicopters HHR to Auto Club Speedway and return 61 — 49 $275
Star Helicopters Ontario Airport to Auto Club Speedway 11-6 $110
Star Helicopters g;lfnto Coachella Music Festival and 141 122 $770
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A few key trends were discerned from the data in Table 14 and are discussed below:

1. Non-Substitute Services: The three helicopter charter service providers in Table 14

frequently charged dramatically different fares for services to the same destinations; this
characteristic is clarified through Table 15. A price differential for similar transportation
services indicates that the helicopter services provided by these three companies were not
perceived by the consumers as substitute goods. In other words, customers were willing to
pay higher fares in general to charter Star Helicopters than Jetboy Helicopters.

The reason these services were not considered substitute goods may perhaps include the
different geographic locations of the companies, the different passenger capacity and
capabilities of the vehicles they use, or perhaps the quality of service provided. Only three
of the 12 helicopter charter service providers in L.A. were included in this fare analysis, so
it is possible that the market is more competitive among companies offering services from
similar locations with similar vehicles.

With respect to ODM Aviation, this finding suggests two primary factors. First, if ODM
services provide higher quality service than traditional vehicles (perhaps through access to
more landing and pickup locations, for example), then they may be competitive even if
they charge higher fares than conventional helicopter operators. Second, ODM service
providers may have an opportunity to price differentiate themselves from competitors if
they are able to create a geographically diverse service network and provide services at
lower cost than companies currently operating routes in the area.

Table 15. Comparison of fare per passenger mile for L.A. region helicopter charter services.

Destination Orbic Air | Jetboy Helic. | Star Helic. Average
Coachella Music Festival $5.88 - $6.31 $6.10
LAX $17.78 $10.53 - $14.16
Santa Barbara $7.53 $5.59 $6.47 $6.53
San Diego $6.07 $5.14 $8.88 $6.70
Orange County $9.49 $5.55 $8.59 $7.88
Big Bear $6.42 - $6.40 $6.41

2. Charter Range Price Impact: The cost per passenger mile for helicopter charters declined

with increasing charter range in Table 14. Figure 24 displays this trend is especially
prominent for Orbic Air which charged a high premium for some of their short distance
charter flights. This trend is similar to current practices in other modes of transportation
such as airlines, buses, or taxis, and reflects the reality that companies seek to recoup a set
of fixed costs per trip that make short distance travel more expensive per mile. For longer
distance trips companies are able to “spread” the fixed costs and reduce the per mile cost.
An opportunity may therefore exist for ODM service providers to achieve a competitive
advantage if they operate short distance missions at a reduced premium.
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Figure 24. Cost per passenger mile versus helicopter charter flight mission range for three L.A.
area service providers.

3. High Demand Services: There existed a significant cost differential between “routine”
helicopter charter flights and “special event” flights in the current helicopter charter
offerings. The three short range charter flights with costs per passenger mile greater than
$35 in Figure 24 correspond, in descending cost order, to flights to a Dodger Stadium
baseball game, L.A. Live concert, and Angel Stadium baseball game. This trend suggests
that there exists comparatively high demand and willingness to pay for helicopter flights
to large events that routinely experience extreme ground traffic congestion. This may
indicate a potential high value market for ODM Auviation. If the market exhibits high
demand elasticity, then ODM Aviation may be able to significantly increase the number of
individuals demanding this service by reducing the cost per passenger mile.

4. Price Adjustment for Round Trip: It may be seen in Table 14 that Orbic Air and Star
Helicopters charged roughly the same fare for long distance charter services, despite the
fact that Orbic Air provided a one-way flight while Star Helicopters provided a round trip.
Furthermore, Star Helicopters charged the same fee for a round trip or one way flight for
all its missions. This indicates that a significant portion of the current helicopter charter
fare covers the non-revenue return flight, or “deadhead” flight.

ODM Awviation networks may have a competitive advantage if they are able to reduce the
number or length of deadhead flights through increased passenger demand and the effective
matching of passenger drop-off and new passenger pick-up locations. Numerous
researchers have displayed the potential for advanced telematics to provide data that better
optimizes network operations to reduce non-revenue mileage for ground vehicle ODM
networks [47], [131], [132].
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3.3.2 Consumer Demand for ODM Aviation to Replace Long Commutes

In addition to attracting customers currently purchasing helicopter charter flights, ODM Aviation
is also proposed to appeal to individuals who currently endure long daily commutes [53].
Individuals experiencing long daily commutes may be classified into three categories [133]:

1. Extreme Commuters: Individuals who travel 90 minutes or more to work, one-way.

2. Long-Distance Commuters: Individuals who travel 50 miles or more to work, one-way.

3. Mega Commuters: Individuals who travel at least 50 miles over a time period of at least 90
minutes, one-way.

The U.S. Census Bureau found that roughly 5% of all U.S. full-time workers experienced one of
these three categories of onerous daily commutes between 2006 and 2010 [133]. Decomposing
this subset of the population into the three categories of long commuters, they found approximately
2.41% (1.7M individuals) to be extreme commuters, 3.15% (2.2M individuals) to be long-distance
commuters, and 0.82% (587K individuals) to be mega commuters. If individuals with long
commutes are assumed to have a higher likelihood of desiring cost effective ODM aircraft services,
then up to 5% of the American population represents a potential early adopter market.

To support the L.A. basin case study, the number and geographic location of long commutes in
Southern California was determined. The America 2050 initiative provided initial insight into the
long commuter patterns of Southern California as summarized in Figure 25 [134]. In this figure,
the Inland Empire (composed of Riverside and San Bernardino counties) is identified as the only
major region in southern California where over 15% of the residents commute daily to a different
region for work. While this does not directly indicate these individuals are experiencing long
commutes, it does suggest that communities in the Inland Empire may be more likely to have long
commutes. The U.S. Census Bureau’s American Community Survey (ACS) identified two flows
from the Inland Empire to Los Angeles confirming these predictions. Table 16 provides a ranking
of the largest U.S. mega commuter routes ordered by the number of commuters; California mega
commuter flows are highlighted in grey.

From Table 16 it is apparent that there are a significant number of individuals who engaged in
daily mega commutes from the Inland Empire to Los Angeles County. Furthermore, the
commuting routes from San Bernardino and Riverside counties actually ranked as the top two
mega commuter routes in the United States by total number of participants. Interestingly, a second
mega commuting route from Riverside County to San Diego appeared as the seventh most
common mega commuting route. The remainder of Table 16 indicates that there are a significant
number of mega commuters in and around New York City and the San Francisco Bay Area that
should be considered as other potential high value markets; these were beyond the scope of this
case study however.
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Figure 25. Commuter patterns between the regions of California determined from the 2000 U.S.
Census Transportation Planning Package. Image retrieved from the Healdsburg Research
Seminar on Megaregions [134].

Table 16. Mean travel time and distance for the top 10 U.S. mega commuter flows ranked by the
number of participating commuters [133]. California commuter routes are indicated with grey

shading.

Origin

Work Destination

Mean Commute

Time (minutes)

Distance (miles)

San Bernardino Co., CA Los Angeles Co., CA 104.2 68.0
Riverside Co., CA Los Angeles Co., CA 109.3 77.4
Suffolk Co., NY New York Co., NY 114.2 64.5
Fairfield Co., CT New York Co., NY 104.2 60.4
Orange Co., NY New York Co., NY 110.7 62.3
Mercer Co., NJ New York Co., NY 104.6 59.3
Riverside Co., CA San Diego Co., CA 102.3 75.5
Dutchess Co., NY New York Co., NY 116.8 76.3
San Joaquin Co., CA Alameda Co., CA 104.1 61.5
Monroe Co., PA New York Co., NY 120.5 91.1
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Focusing on the mega commuter routes only within California, the potential magnitude of the
market opportunity open to ODM Aviation was determined. Table 17 displays the number of
individuals driving the most common mega commuter routes in California. Routes that reside
within the L.A. basin case study system boundary are indicated with grey shading.

Table 17. Most common mega commuter routes in California [135]. Commuter routes within the
L.A. basin case study system boundary are indicated with grey shading.

Origin Work Destination Mega Commuters
Long Beach, Santa Ana Los Angeles County 75,800
Oakland, Freemont San Francisco County 46,234
San Jose, Sunnyvale, Santa Clara San Francisco County 19,820
Riverside, San Bernardino, Ontario Los Angeles County 15,816
Carlsbad, San Marcos San Diego County 14,036
Sacramento, Arden, Arcade, Roseville San Francisco County 8,044
Oxnard, Thousand Oaks, Ventura Los Angeles County 4,502
Bakersfield, Delano Los Angeles County 2,758
Stockton San Francisco County 2,360

Interestingly, this data shows that the most common mega commuter route, with over 75,000 daily
commuters, is from Long Beach and Santa Ana to Los Angeles. Furthermore, a variety of
additional, lesser volume mega commuter flows into Los Angeles County such as from Bakersfield
and Oxnard were also included. Figure 26 displays the set of mega commuter flows considered in
this study. A subset of these were developed into reference missions in Chapter 4.

The existence of the mega commuter routes presented in Table 17 represents a clear market
opportunity for an aircraft operator. Each day, thousands of individuals endure difficult commutes
along these routes dedicating hours of time daily and tens of thousands of dollars annually to their
transportation. While intra-urban ODM Aviation services offering transportation between any two
points within a city have received a significant amount of attention from the media and emerging
ODM providers, these mega commuting routes perhaps represent the lowest barrier to entry as
new markets. The routes are relatively pre-defined between outlying communities and downtown
areas, have a sizeable existing user base, and are well suited for service through a limited set of
ground infrastructure nodes.

Considering these factors, mega-commuting routes present an array of potential opportunities and
beneficial characteristics for new ODM operators. While low load factors for intra-city routes and
utilizing a seat in the aircraft for the pilot are near-term business challenges for ODM operations,
larger aircraft could be used for these long-distance commutes as customers could readily be
pooled to provide a high load factor. In fact, the mega-commuter routes may represent logical
market entry points for ODM operators to field-test new infrastructure, vehicles and business
concepts on their way to provide intra-urban services with smaller vehicles serving a more
geographically distributed ground infrastructure network. The review of long-distance reference
missions further explored the opportunities for long-distance commuter and inter-city routes, as
well as identified some of the unique challenges that arise for network balancing and vehicle
operation.
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Figure 26. Common mega commuter routes into Los Angeles County and San Diego County.
Yellow house pins designate approximate origin locations and yellow arrows indicate mega
commuter flow direction.
© 2016 Google, © 2016 INEGI, Map Data: LDEO-Columbia, NSF, NOAA.

3.3.3 Consumer Demand for ODM Aviation from Wealthy Commuters

The third and final approach this research employed to identify promising early adopter ODM
aircraft was to locate “high income commuter” communities in the L.A. basin. It was hypothesized
that these communities may exhibit a greater willingness to pay for ODM aircraft services. The
ACS and U.S. census data did not provide sufficient resolution of commuter income to effectively
distinguish high income commuters in the mega commuter flows. Therefore, this research elected
to use household income and home valuation estimations as proxies for commuter wealth.

Two methods were used to identify wealthy communities within the system boundary where high
income commuters were assumed to originate from. First, the wealthiest neighborhoods in the
system boundary were identified based upon the work of Stephen Highley. Highley used the 2006-
2010 ACS data to determine contiguous census block groups (subdivisions of census tracts) that
corresponded to neighborhoods with an average household income of over $200,000 [136]. From
his listing, 27 neighborhoods or groupings of neighborhoods were identified as potential wealthy
commuter origin points.
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Next, estimated home valuation information was reviewed from Trulia, a national real estate search
and advertising site. These home valuations were used to confirm that Highley’s findings remained
valid in 2016, as well as to identify additional neighborhoods with average home valuations of
greater than one million dollars that could be considered as potential high income commuter areas.
Figure 27 displays a property value heat map of the Los Angeles basin showing high income
communities in purple. Through this second approach, an additional eight neighborhoods were
added to the high income commuter list. This increased the total to 35 neighborhoods characterized
as high income communities in this case study.

Estimated Home Value
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Figure 27. Estimated household valuation heat map of the Los Angeles basin showing high
income communities in purple. Image retrieved 7/17/2016 from www.trulia.com.

Figure 28 displays the location of 35 high income neighborhoods as green house icons. These
neighborhoods tended to be located on the perimeter of Los Angeles County either on the coastline
or in the hills. It was interesting to note that the mega commuting areas (indicated with yellow
house icons) reside for the most part on the west side of L.A. where there are few high income
communities, or beyond the ring of high income communities. A subset of the high income
commuter communities identified were developed into reference missions in Chapter 4.
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Figure 28. High income commuter (green icon) and mega commuter (yellow icon) communities
within the L.A. basin case study system boundary.
© 2016 Google, © 2016 INEGI, Map Data: LDEO-Columbia, NSF, NOAA.

3.4 Potential Enhancements to City Structure Enabled by ODM Aviation

By recognizing the positive changes ODM Aviation may bring to city structure and transportation
systems, operators may potentially leverage public funding and political support to bring about
near-term infrastructure development and services.

The structure of cities, in terms of land-use and settlement patterns, is heavily dependent upon the
geographic arrangement, quality and cost of the transportation systems that circulate people to,
from and within the city. The field of urban planning is dedicated to the study of how city structure
influences productivity, quality of life and sustainability, among other societal factors.
Historically, urban planners have been restricted to automobiles and public transit modes as their
primary transportation tools, however ODM Aviation offers dramatic new capabilities with nodal
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versus linear transportation connections and may provide the means to support fundamentally new
concepts in city planning.

Figure 29 displays a common structure for American metropolitan regions. Known as the “urban
star,” the configuration is dominated by arms of dense urban development centered on high-
capacity transportation lines, such as highways or railways, which radiate outwards from a central
business district. In large metropolitan regions these corridors of development may terminate in
another CBD or satellite city (indicated as “SC” in the figure). Beltway highways may also be
constructed to connect adjacent arms [137].

Rail or bus public transit modes

e o
- -o

Highway
infrastructure

“Transportation deserts”
underserved by current
mobility options

Mobility Available Through:
B Walking
W Automobile

Figure 29. Notional diagram of an idealized “urban star” city structure indicating areas with
efficient access to mobility provided through currently available surface transportation modes.

The color coded regions around the CBD and transportation infrastructure in Figure 29 notionally
indicate the land area that has efficient access to mobility. Historically, the introduction of new
transportation technologies has altered the location and percent of land connected to the CBD.
Walking and animal-based modes only supported commuting to the CBD from the immediate
surrounding areas. The development of the streetcar and metro created the first radial arms and
enabled a dramatic expansion of land area that was connected to the urban core. The width of a
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radial arm is commonly known as a “transit shed,” and indicates the area within which people will
walk (or later drive) to reach the rail or bus line; experience has shown this distance to be roughly
400 meters when walking [138], [139].

The widespread adoption of the car again dramatically increased the land area with efficient access
to the CBD. Additional radial arms sprung up around new highways, and beltways connected the
arms providing access to previously underserved areas in between the arms. Furthermore, as cities
grew in size and age, the transit and highway infrastructure became overburdened and often
degraded. This created significant congestion that reduced the efficiency of transportation and
again left many areas without sufficient access to high quality transportation. Finally, while travel
to the CBD from any of the radial arms is quite efficient in the urban star, travel between the arms
(especially through public transportation options) may be inefficient and require a circuitous
routing through the CBD.

ODM Awviation has the potential to provide transportation capabilities dramatically different than
current surface modes and to overcome some city structure challenges that resulted from these
mobility deficits. Table 18 presents beneficial attributes of ODM Aviation that may enhance
mobility in a metropolitan region. Figure 30 displays how mobility coverage in the urban star city
structure may be enhanced through the implementation of ODM Awviation services.

Table 18. Operating attributes of aircraft that may influence mobility patterns and city structure.

Operating Attribute Capacity to Enhance Mobility in a Metropolitan Region
Aircraft may overfly roadway congestion. This is especially
beneficial during rush hour periods or in areas where geographic
features create choke points, such as at bridges and tunnels.

Surface-Congestion
Overflight

Aircraft may be able to overfly geographic obstacles such as
Geographic Obstacle mountains, bodies of water or parklands while surface-

Overflight transportation modes must bypass or develop costly infrastructure
to traverse these features.

NASA estimated the average speed of automobiles in metropolitan
areas is 33 mph and the average speed of ODM aircraft as four
times this rate [56]. The average travel time budget of a person is 1
to 1.5 hours per day [140]. This suggests ODM aviation may
increase the reasonable daily commuter range from an average of
21 miles to as much as 100 miles.

Increased Travel Speed

The relative cost of developing nodal infrastructure (helipads) for
Low Infrastructure Costs | ODM aviation is low compared to linear infrastructure (highways
and rail) for automobiles or trains.
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Figure 30. Concept of how ODM Aviation may influence mobility coverage in an urban star city
structure by filling in the underserved spaces between the primary surface-mode branches and
greatly expanding the feasible range of daily commuting into the CBD.
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The capabilities of aircraft outlined in Table 18 constitute the primary competitive advantages of
ODM Aviation. These factors are therefore likely to drive the routes and services that are pursued
for near-term implementation. It should be noted that many of these benefits involve relatively
long range flights to neighboring cities, new communities in previously rural areas, or communities
at the edges of current surface transportation modes where commuters may experience severe
congestion. These findings are consistent with the consumer demand markets identified for the
Los Angeles region in Section 3.3. In contrast to these longer-range missions, ODM service to the
underserved areas between the urban star arms represents a potential early-adopter market for
short-range missions. These trends in early adopting markets supported the development and
review of reference missions in Chapter 4.

Studying Figure 30, a variety of externalities were identified that may arise from city structure
changes resulting from the adoption of ODM Auviation. The positive externalities represent
opportunities for ODM Awviation to leverage to support near-term operations and are presented as
potential market opportunities in the following sub-sections. The negative externalities, on the
other hand, are considered potential risks to ODM Aviation that may impose operational
challenges. The negative externalities are therefore presented within Chapter 5.

34.1 Increase Mobility to Communities Underserved by Surface Transportation

Transit deserts are areas that lack adequate public transit services to meet the demand of “transit
dependent” individuals residing within the area. The existence of such areas is a social equity
concern as transit dependent populations are often composed of underprivileged individuals who
are too young, old, poor, or otherwise physically disabled to drive [141, p. 1]. Transit deserts (or a
broader consideration of transportation deserts where the highway and roadway access is also
lacking) are also of concern to urban planners as they create stagnant regions in metropolitan area.
Within transportation deserts land values remain low. Multi-generational poverty may also persist
in these areas as a result of “spatial entrapment” where poor mobility prevents individuals from
accessing distant jobs or healthcare, among other essential needs [142, pp. 37-44].

ODM Auviation may act as a mechanism to provide high quality mobility to communities that are
currently underserved by highway or public transit infrastructure. The development of relatively
low cost VTOL aircraft ground infrastructure in these communities can provide an access point to
an aviation transportation network with direct linkages to areas and jobs that are otherwise difficult
to reach from transportation deserts. ODM Aviation may therefore have the potential to reintegrate
transit deserts into the overall city with minimal land-use change requirements and investment.

Beyond transportation deserts in metropolitan areas, some authors have suggested that new
mobility modes (such as ODM Aviation) may reduce the difficulty of long distance commutes and
enable middle and low income individuals to live in areas on the periphery of town where the cost
of living is diminished [12], [90]. Many of the mega-commuter communities identified in Section
3.3.2 are indeed lower income areas where individuals may desire the transportation benefits
provided by ODM Aviation.

These outcomes all represent positive externalities resulting from city structure changes due to
ODM Aviation. As a result, there may be an opportunity to obtain public or private funding to
support the development of ODM Aviation ground infrastructure in transportation deserts, and
perhaps even subsidize the operation of flights to and from these areas.
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3.4.2 Foster Regional Urbanization

While many urban and transportation planners hold the belief that revitalizing urban areas and
creating more dense communities is the most beneficial route to reduce a variety of negative
externalities associated with urban sprawl [96], [142], [143], some authors have also proposed that
effective regional transportation planning may lead to ‘“regional urbanization” through
fundamentally different city structures that are inherently more equitable [115], [144] and more
environmentally sustainable [145].

For example, the urban star city structure presented in Figure 29 inherently aggregates
transportation resources, services, development and wealth in the CBD and along the radial arms.
While ODM Aviation shows promise to better connect many of the underserved areas between the
arms, equity challenges will likely persist with this city structure. An alternative city structure that
has been proposed as fundamentally more sustainable and equitable is a polycentric network of
smaller CBDs spread throughout a megaregion [137], [144]. Instead of a large CBD with long
public transit or highway infrastructure ferrying people in from the suburbs and exurbs, the urban
star city structure is replaced by a number of smaller towns that allow people to live within close
commuting ranges.

The limiting challenge for polycentric city structures has historically been efficient transportation
between the numerous CBDs. Los Angeles is currently the best example of a polycentric city in
the United States. The L.A. region has 45 distinct urban employment centers while an average
American city has 8+2 [146]. However, in part as a result of this city structure and in part because
of the total population of the region, L.A. has some of the most severe roadway congestion in the
world as individuals seek to travel between these multiple CBDs.

ODM Aviation may provide new capabilities to realize efficient regional urbanization by enabling
high-speed connections, possibly without congestion, between spatially distributed urban
employment centers. A polycentric city structure is inherently nodal, and therefore the nodal nature
of ODM Aviation better matches the transportation needs of a polycentric city than the linear
nature of ground infrastructure. Figure 31 notionally illustrates this concept by displaying that
while only five aircraft ground infrastructure points would be required to connect five polycentric
CBDs in a metropolitan region, ten highways (or railways) would be required to directly connect
all CBDs to one another. In fact, any fully connected network would require n(n — 1)/2 linear
links where “n” is the number of nodes in the network.

While in reality a roadway is not built on the direct line of sight between every city in a region,
but rather large artery roadways are used to connect multiple cities simultaneously, the benefit of
the nodal nature of aviation are clearly apparent for polycentric city configurations. A potential
city structure impact of ODM Auviation is therefore the ability provide rapid transportation between
CBDs and enable polycentric megaregion development without the need for inordinately
expensive infrastructure and land use changes. The resultant benefits of regional urbanization may
therefore be considered a positive potential externality of ODM Aviation implementation. New
ODM companies may be able to leverage this capability to receive public or private funding to
develop ground infrastructure in city centers and conduct inter-city flights in a polycentric region.
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Figure 31. Nodal ODM Aviation ground infrastructure reduces the land usage and costs required
to provide rapid inter-city connections compared to linear surface transportation infrastructure.

3.4.3 Co-Location of Ground Infrastructure with Consumers’ Communities

Airports have frequently been focal points of environmental justice concerns as they may degrade
the quality of life for nearby neighborhoods. Unlike current commercial aviation which
concentrates customers at large hub airports, ODM customers will likely utilize ground
infrastructure (similar to helipads) located within their own communities. This represents an
opportunity not only for ODM Auviation to provide more convenient service, but also to avoid the
community activism that has plagued large airports.

The co-location of ODM Auviation access points with the communities that use them internalizes
some of the externalities from aircraft operations such as noise, light, vibrations and hazards
created during takeoff and landing. Unfortunately, this line of reasoning breaks down when the
generation of electricity to power the aircraft is considered. It is likely that the power plant
facilities, even if renewable, will be located in communities other than those which are using the
ODM Auviation services. The emissions, toxins, land usage and other negative externalities from
the power generation may therefore still impact communities not benefiting from the service.

3.5 Opportunities to Increase Transportation Resiliency and Affordability

Nodal infrastructure is inherently more robust than linear infrastructure. For example, while
congestion, a traffic accident or a natural disaster may only stop flow at a single point on a
highway, the throughput of the overall road network may be significantly reduced or even stopped
as traffic seeks alternative routes. In comparison, the closure of an ODM ground infrastructure
point simply reduces network throughput to the immediate surrounding region, while the
remainder of the network may operate optimally.

ODM Aviation may therefore provide more reliable mobility to any given community. This is
especially critical in situations involving emergency medical services, public safety or disasters
where ODM Aviation may provide or restore mobility capabilities more quickly. While increased
reliability may be a significant competitive advantage of ODM Aviation, significant research must
be conducted to identify how maintenance, scheduling and weather conditions may impact the
operation of ODM aircraft services.
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Furthermore, ODM aircraft will almost certainly be considerably more expensive to own and
operate than even top-end luxury cars available today. Private aircraft ownership and utilization
will therefore be beyond the means of most individuals and could lead to a host of social equity
concerns; it could be perceived as if the wealthy have an essentially private transportation network.
Due to the high costs and training requirements of aircraft operation, most ODM manufactures and
transportation service providers anticipate ODM aircraft will be used to provide mobility as a
service.

Mobility as a Service (Maa$S) is a key aspect of the emerging “sharing economy” where expensive
assets may be more efficiently utilized through services on the free market rather than in private
ownership. Higher utilization drives down the total cost of operation and therefore allows the
service to be provided at comparatively little cost compared to what is required to operate the
vehicle privately. This “democratization” of transportation assets brings more affordable, high
quality mobility to individuals who do not have the capital to privately own the asset [56].

Through the adoption of a MaaS business concept, ODM Aviation will likely have the positive
social equity impact of making short-distance aviation services available to those who have
previously been unable to afford general aviation or private charter aviation services. This
represents a unique opportunity for ODM Aviation to penetrate a market that is insufficiently
served by any other technology or provider.

3.6 ODM Awviation Influence on Careers in Transportation Services

A final opportunity related to a positive social equity externality is the potential impact of ODM
Aviation services on the careers available in transportation services. The emergence of mobility as
a service has generally been considered a boon for transportation employment and garnered
support from local communities and governments. Transportation was dominated by the private
car for the past century and private drivers internalized the cost of their trips by operating the
vehicle themselves. However, transportation service providers such as Uber and Lyft have created
millions of new driving jobs that are relatively accessible for low-education and low-income
individuals.

In the near-term, ODM Auviation implementation may result in a similar positive externality and
represent an opportunity to garner support for the industry. ODM Aviation operations will require
investments in ground infrastructure construction, require the development and production of new
aircraft, and stand up a network of mechanics, pilots, and security personnel, among others. These
activities will all create fundamentally new jobs for both low and high skill-level individuals.
Although most ODM flights will replace long distance private car trips, consumers are unlikely to
forgo owning a car for general use for other short-distance missions. Therefore, the car sales,
maintenance and cleaning industries are unlikely to see significantly reduced demand and
employment as a result of ODM Aviation.

However, despite near-term benefits and opportunities, both the ODM Aviation and ODM car
service markets face far-term social equity challenges. As discussed in Section 2.3.3, full
automation is an important far-term goal for ODM businesses as it may significantly increase the
profitability of their operations. While moderate automation in aviation may initially enable lower
education individuals to obtain jobs as mechanics or pilots, the full automation of piloting features
will remove a significant proportion of these jobs. Furthermore, if ODM Aviation grows to
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significant scale in the long-term, then it may reduce the number of customers purchasing cars or
using other forms of transportation such as trains and bus services. Cannibalizing these existing
industries could result in the loss of significant numbers of low skill careers.

Despite this long-term challenge, ODM Aviation companies may leverage the near-term job-
creation aspect of this industry to enter into some markets and cities.

3.7 Opportunities to Reduce the Environmental Impact of Urban Transportation

ODM Auviation may increase the environmental sustainability of a region’s transportation system
by specifically serving routes that currently require high-impact ground transportation travel, such
as routes with significant surface congestion or routes that pass around geological features such as
bodies of water. Re-moding these specific missions to aircraft could increase the overall
sustainability of the entire transportation system. This concept may be thought of as optimizing a
city’s mobility portfolio with the goal of minimizing environmental impacts. With rising private
and public scrutiny of environmental sustainability, ODM Aviation may realize large benefits by
aligning initial markets and services with routes that reduce the environmental impact of
transportation.

To identify the surface-transportation routes and missions that constitute ODM Aviation
opportunities from an environmental sustainability standpoint, this research evaluated a set of basic
scenarios where re-moding individuals to ODM aircraft may reduce the environmental impact of
their travel. A first order emissions analysis was conducted for these scenarios to compare private
car and ODM aircraft emissions.

To support this analysis a variety of operating assumptions were made. First, it was assumed that
the average block speed for the private car was 33 mph (except in the scenario modeling
congestion) and the average block speed for the ODM aircraft was 132 mph; these speeds are
consistent with estimations used by NASA [56, p. 4].

Second, all five scenarios were simulated for an arbitrary 30 mile ODM aviation trip with either
two or four passengers. The first order electric aircraft performance model developed in Section
2.3.1.1 was used to determine the in-flight energy required to fly the mission. The total CO>
emissions of the flight were then estimated for electric aircraft through the process developed in
Section 2.3.1.3.

A third assumption was that the required electricity came from a grid with the average U.S.
electricity generation resource mix. It should be noted that additional energy required during climb,
maneuvering, and descent were neglected in this model.

The CO emissions from the operation of a private car were calculated for scenarios without
congestion by estimating the emissions per mile for an average American private vehicle. The
average fuel efficiency for private cars in the U.S. in 2014 was 23.2 miles per gallon (MPG) [147].
The U.S. EPA estimates a gallon of gasoline emits 8,887 grams of CO2 when burned. Dividing the
COz emission per gallon by the fuel efficiency of the vehicle provides an estimate of 383 grams of
CO:2 emitted per mile by the average American car.
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This estimation will overestimate the emissions of private cars when ODM aircraft enter the
market because vehicle fuel efficiency standards require 42 MPG by 2020 and 54.5 MPG by 2025
which will raise the average fuel efficiency of the total fleet. However, the overestimation was
deemed acceptable for this first order comparative analysis as the average MPG of the overall U.S.
private care fleet will rise slowly (no more than a few MPG per decade), and the electrical
generation portfolio is also likely to include more renewables (also not modeled in this analysis)
which would simultaneously reduce the CO> emissions for the aircraft.

Finally, estimating the CO> emissions from private cars in the scenario considering congestion was
more involved. First, the average vehicle speed was found for each congestion area based upon the
speed penalty applied. Second, an emissions-speed curve developed by the University of
California Transportation Center was used to determine the vehicle CO2 emissions per mile for
these vehicle speeds [148]. The emissions-speed curve was based upon a vehicle data set with a
mode of 26 MPG. In order to make the curve consistent with the chosen average MPG of 23.3.for
this analysis, 41.2 gCO2/mile was added to all estimations from the curve. The total CO, emissions
from the complete trip were then estimated by summing the emissions produced in each congestion
area.

Figure 32 presents the baseline comparison case where both the ODM aircraft and private car
travel the same distance routes with no congestion and one passenger each (including a pilot for
the aircraft). As may be seen, although the aircraft completes the journey in less than half the time,
the private car performs better from an emissions standpoint (though only moderately). This
baseline case displays how ODM Aviation could trigger environmental concerns and face potential
operating challenges from state or national emissions reductions goals when compared with
automobiles for standard routes. The difference would be especially pronounced if modern high-
efficiency or electric vehicles were considered instead of the fleet average vehicle.

Notional Route Diagram Route Details
Distance | Duration | CO;Emissions
o x Private Car 30 mi 55 min 25.31b
ODM Aviation 30 mi 14 min 28.31b

B Private Car Route
ODM Aircraft Route

O - Origin

X —Destination

Figure 32. Comparison of car and aircraft operations for identical routes in ideal conditions.

Table 19, on the other hand, presents the set of scenarios where re-moding to ODM Aviation is
likely to reduce environmental impacts. Furthermore, each scenario is visually represented in a
figure that also displays the results of a first order CO2 emissions analysis.
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Table 19. Travel scenarios where ODM aircraft reduce environmental impacts compared to cars.

Scenario

Description

Severe surface congestion
(Figure 33)

Although aircraft are more energy intense and result in greater
environmental impacts per passenger kilometer than automobiles
for ideal operating conditions, surface roadway congestion often
increases the duration of travel by car many-fold during rush hour
periods. In such cases it is possible the overall environmental
impact of completing the trip through ODM Aviation (which does
not experience congestion) is less than that of the car stuck in
traffic. Note, however, that electric automobiles more or less
negate this environmental advantage of aircraft as they are nearly
equally efficient at high and low speeds.

Circuitous surface route
(Figure 34)

Aircraft may be more environmentally friendly despite their higher
energy intensity if they may complete the same mission by a
significantly shorter route than automobiles. This scenario is likely
to occur where roads must pass around natural geographical
features such as mountains and bodies of water while aircraft may
fly a much shorter path over them.

High route demand
enables customer pooling
(Figure 35)

For routes where there are a significant number of people traveling
from the same origin point to the same or nearby destination
points, ODM Aviation may be able to “pool” customers. Higher
aircraft load factors have the dual benefit of reducing the fare per
customer as well as reducing the environmental impact per
customer. Therefore, on routes were pooling is possible, a 4 seater
ODM aircraft may be able to accommodate 3 passengers and
therefore remove as many as 3 cars from the roadway. In this case
it is likely the overall environmental impacts of the aircraft will be
less than the combined impacts from the three cars.

Low noise flight
trajectories available
(Figure 36)

Highway and roadway traffic places significant environmental
burdens upon the communities through which they pass. These
burdens include noise, emissions and safety concerns, among
others. ODM Auviation may provide environmental justice benefits
if it can transport customers by an alternative, low noise route that
does not influence these communities. This may include flight
over water or flight diffusion over less sensitive communities.
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Notional Route Diagram

Route Details

_— Distance | Duration | CO,Emissions
o x Private Car 30 mi 82 min 29.11b
ODM Aviation 30 mi 14 min 283 1b

B Private Car Route

H ODM Aircraft Route M No Congestion

O — Origin
X — Destination

50% Congestion Penalty
B 100% Congestion Penalty

Figure 33. Comparison of private car and ODM aircraft operations for identical routes with

Notional Route Diagram

surface congestion.

Route Details

Distance | Duration | CO,Emissions
Private Car 60 mi 109 min 50.7 b
ODM Aviation 30 mi 14 min 283 1b

B Private Car Route
B ODM Aircraft Route

O - Origin
X — Destination

Figure 34. Comparison of private car and ODM aircraft operations for scenario with a circuitous
surface route and straight line airborne route.

Notional Route Diagram

Route Details

Garp X 3, 1 PAX each Distance | Duration | CO,Emissions
o & Private Car 30mi | 55min 76.0 Ib
’-}' x 1, 3 PAX ODM Aviation 30 mi 14 min 32.21b

B Private Car Route

B ODM Aircraft Route

O — Origin
X — Destination

Figure 35. Comparison of operations for an aircraft with a high load factor and three private cars
moving the same number of passengers on an identical route.
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Notional Route Diagram Route Details

2
®
0 ® @®

Distance | Duration | CO,Emissions

Private Car 30 mi 55 min 25.31b
ODM Aviation 30 mi 14 min 283 1b
B Private Car Route B Noise Sensitive Community
ODM Aircraft Route Densely Populated Area
O - Origin

X — Destination

Figure 36. Comparison of private car and ODM aircraft operations with different routes through
densely populated areas and noise sensitive communities.

Reviewing Table 19 and its accompanying figures, a variety of key factors were discerned that
profoundly influence the environmental sustainability of ODM Aviation. For ODM Aviation to be
more sustainable than transportation by private car, it is likely that ODM operators will have to
achieve a majority of these factors. Table 20 presents the three key operation factors for the
environmental impacts of ODM aircraft flight. These factors were taken into consideration during
the design of reference missions in Chapter 4.

Table 20. Key operating factors that influence the environmental impact of aircraft operation.

Operating Factor

Description

Load factor

Airlines have historically had a higher average load factor than
any other mode of transportation. Reducing the environmental
impacts of ODM Aviation compared to private automobiles will in
most cases rely upon achieving high load factors.

Demand balancing

Private vehicles have the advantage of being pre-located near the
origin point of a customer’s mission. On the other hand, ODM
vehicles (cars and aircraft) often must make a “ferrying” trip from
a staging area to the origin point. In some cases this may more
than double the overall distance of the mission and accrue
significant additional environmental impacts. The length of the
ferrying trip is minimized when the previous mission is terminated
near the origin point of the new mission. This challenge is
especially pronounced during rush hour periods where travel
demand is heavily directional with nearly all people traveling in
the same direction. Demand balancing and ferrying trips may be a
considerable challenge for the sustainability of ODM Auviation.

Routing

Aircraft routing and flight trajectory directly influences the energy
requirement of the mission and the areas overflown. These factors
in turn determine the environmental impacts of the mission. To
minimize these impacts, aircraft should be routed via the lowest
energy route (often shortest, lowest altitude) that avoids low
altitude overflight of sensitive communities. Aircraft routing is
constrained by airspaces, ATC and demand, among other factors.
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4 Los Angeles Case Study Reference Mission Definition

The previous chapter outlined the first two steps of the case study in the L.A. basin; these were to
define a system boundary for ODM Aviation operations and then estimate the consumer demand
and geographic location of this demand. Chapter 4 introduces the third step of the case study by
defining 12 ODM aircraft reference missions for which operational ConOps may be developed
and analyzed. The 12 reference missions of this case study were developed to capture a wide
diversity of potential ODM Aviation missions in the Los Angeles basin. The missions represent
multiple types of markets, flights of diverse range, duration, demand and airspace congestion,
access to varying levels of ground infrastructure, and diverse requirements for flight profiles.

While nine of the reference missions were specifically selected to represent anticipated early
adopting markets, three of the reference missions were derived from randomly selected origin and
destination points. The purpose of these three randomly selected reference missions was to reveal
unidentified challenges or opportunities for the operation of ODM Aviation networks that may not
have appeared in the reference missions defined solely based on the perceived initially promising
markets. Figure 37 displays the different pathways through which these two categories of reference
missions were developed. The analysis steps reviewed in this chapter are outlined in red.

Define a system boundary for the region of interest

Conduct a market analysis to identify
potential early adopting populations/areas

Define reference missions with diverse Create reference missions with randomly
characteristics from early adopting areas selected origin and destination points

Develop preliminary CONOPS for each
reference mission

Figure 37. First principles approach to develop a set of ODM Auviation reference missions.

As shown in Figure 37, the three likely early adopter ODM aircraft service markets introduced in
Section 3.3 (current helicopter charter routes, mega commuter routes, and high income commuter
routes) were used as a foundation to define nine reference missions. These nine missions cover a
diverse range of potential consumer needs and mission requirements from both the daily commute
and non-commute point-to-point mission categories. The twelve reference missions defined in this
chapter are summarized in Table 21.

105



Table 21. Summary and characteristics of the 12 reference missions.

Mission Mission

. Mission Origin and Destination Points
Category Characteristic g

. 1. Malibu = Century City
Dal:\%i(;;gnnr:ute Wealthy Commuter 2. San Bernardino > Glendal_e City Center
Mega Commuter 3. Antelope Valley > L.A. City Center
4. San Diego City Center - L.A. City Center
Inter-City 5. L.A. City Center > Long Beach City

Beach
6. The Beverly Hills Hotel - Los Angeles
International Airport

Point to Point

Missions Intra-City 7. Redondo Beach - Dodger Stadium
8. Rancho Palos Verdes - Torrance
Memorial Hospital
Recreation 9. San Marino - Palm Springs
10. San Bernardino - Perris
Randomly

- 11. Arleta = Corona

Selected Missions 12. Altadena = Culver City

4.1 Reference Mission Definition Approach

The first step to defining the reference missions was to choose origin and destination points for the
potential ODM aircraft services. These were selected based upon the three likely early adopter
markets introduced in Section 3.3. A representative address was selected within the general origin
region (such as in a neighborhood), and the address of the destination was also determined. Nine
reference missions were defined to collectively represent the diversity of potential ODM
operational requirements. The reference missions included long distance mega commuting routes,
short distance wealthy commuter travel, medical emergency travel and recreational travel, among
others.

While some researchers have stochastically simulated hundreds to thousands of potential missions
for early-phase conceptual design, this research approach prioritized minimizing the number of
missions (and therefore the complexity of the analysis). By strategically selecting a small set of
missions that exhibited the range of possible characteristics, then the same results could
theoretically be found with far fewer samples. This research approach therefore put greater focus
into deriving a representative set of reference missions from first principles on the front end, rather
than spending many more resources on the back end of the analysis to evaluate far more samples.

The validity of the daily commuter reference mission origin and destination points was confirmed
through the use of the U.S. Census Bureau Longitudinal Employer-Household Dynamics Origin-
Destination Employment Statistics (LODES) 2014 data sets. The LODES data was used to develop
a “laborshed” mapping for the reference mission origin area. A laborshed is typically a heat map
that displays where workers in a specified employment reference area commute from to get to
work. However, for the case of this study the inverse laborshed is of interest to reveal where
individuals that reside in a specified area of residence commute to work. Laborshed mappings may
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be likened to the concept of a watershed. It should be noted that the LODES data does not capture
the current commuting pattern of every individual living in an area, and therefore the laborshed
mappings developed should not be considered as precise market estimations.

This research identified potential early adopter ODM aircraft service markets based upon place of
residence and relative wealth of that residence. Therefore, by developing an inverse laborshed
mapping that identified where individuals from these communities commute to for work, the
number of commuters that travel from the chosen reference mission origin area to the chosen
destination point was determined.

The identification of actual commuter patterns verified that the reference missions represented real
markets, and quantified the magnitude of the potential demand for the reference missions.
Furthermore, the inverse laborshed mapping in some cases revealed other “hot spots” where a
large number of individuals from the community of interest commuted to for work. These hot spots
may represent other promising high value missions for ODM Aviation services. These studies were
only conducted for the daily commuter missions as the LODES data provided no information on
non-commute point-to-point travel.

Next, a ground transportation study was conducted for each reference mission. This study
determined the travel time profile for a reference mission if it were to be completed through the
use of an automobile (private or commercial). In order to develop this travel profile, the Google
Maps™ mapping service travel predictions were queried for a single route over the course of a
representative day. The results from these queries created an impression of the severity of ground
congestion along the reference routes and provided insight into the time dependency of ODM
Aviation demand patterns.

The Google Maps™ mapping service has access to a wealth of commuter and point-to-point travel
information through GPS tracking. The maps use sophisticated travel prediction algorithms that
draw upon official speed limits, recommended speeds, likely speeds based on road type, historical
average speed data (adjusted for time and day), actual travel time from users, and real-time traffic
information [149]. Therefore, this tool was assumed to be adequate to develop travel time profiles
of sufficient accuracy for this case study. Future studies may seek to develop more accurate travel
time profiles and route mappings through the use of aggregated cell phone tracking data, such as
shown by [150] and [151].

Through a sensitivity study that sampled each day of the week for multiple weeks throughout the
year, it was determined that weekend traffic (inclusive of Friday) tended to be the most severe and
often exhibited a different travel time profile than the standard weekday profile. Although each
day of the week had a slightly different travel time profile, travel predictions for Tuesdays appeared
to be roughly the mean of the standard weekday travel patterns. Therefore, Tuesday May 17, 2016
was selected as the representative day for this case study, and the reference mission travel time
profiles were developed through the Google Maps™ mapping service travel predictions for this
day. Future studies may create more comprehensive travel time profiles by considering an entire
week and samples from multiple times of the year.

As an additional note, the Google Maps™ mapping service presented only aggregate data. While
this was ideal to estimate daily commute references missions (albeit it did not capture variance in
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congestion due to road conditions such as major accidents or construction), it did not accurately
represent the traffic that an individual may expect to encounter for point-to-point travel to non-
recurring events such as sporting events. Therefore the travel time profiles presented for the point-
to-point reference missions that involve non-recurring events should be viewed as lower bound
estimates of travel time as there was likely to be significant additional event congestion.

The final step of the reference mission definition was to identify existing potential takeoff and
landing locations for the ODM aircraft. For this analysis, viable current day takeoff and landing
locations were considered to have the following traits:

e Must be designated as either helicopter landing facilities or airports

e Must not be reserved for medical use, such as hospital landing facilities

e May be an emergency helicopter landing facility. Note these facilities are not approved for
commercial operations at this time. It was assumed they could be viable facilities in the
near future

e May be a public service helipad, such as a police or firefighter facility, so long as it is not
contained within a secure, access controlled facility such as a prison or police station

e May be a private facility, even a facility located in a private compound or rooftop

4.2 Daily Commute Reference Missions

As a reminder, the daily commuter mission type covered situations where an aircraft is utilized
during business days to transport individuals between a location near their place of residence to a
location near their place of work, and vice-versa. This research proposed that the early adopter
daily commute markets will likely be where individuals experience long commutes, such as those
identified in Section 3.3.2, or routes where individuals with high income travel, such as those
identified in Section 3.3.3. Three reference missions were defined that characterized the array of
possible needs, operational challenges and opportunities ODM daily commuter aircraft services
may face. The Malibu to Century City reference mission is developed in detail below. The other
two daily commute reference missions are also briefly introduced. For the sake of brevity the
detailed development of these other two references missions is presented in Appendix A.

4.2.1 Malibu to Century City Reference Mission

The Malibu to Century City reference mission captures a potential wealthy commuter market with
a ground transportation “choke point.” Malibu is an affluent costal town west of Los Angeles.
Century City is a significant business and cultural satellite city west of Los Angeles and roughly
27 miles east of Malibu. Shown as a purple line in Figure 38, the primary route from Malibu to
Century City is to drive the highway 1 on the coast. The primary alternative route passes through
the Santa Monica Mountains to highway 101 and nearly doubles the trip distance. As a result,
highway 1, which has only two lanes in each direction, acts as a choke point that becomes
significantly congested during peak traffic periods. Although the reference mission is only 27.5
miles and 40 minutes during low traffic periods, it may take as long as 110 minutes during peak
weekday commuting periods; this represents a 175% congestion penalty. The route is therefore
considered an “extreme commute” during peak congestion periods.
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Figure 38. Malibu to Century City reference mission.
© 2016 Google, Map Data: SIO, NOAA, U.S. Navy, NGA, GEBCO, USGS.

Table 22 displays the specifications for the Malibu to Century City reference mission. The mission
origin point was chosen within one of the highest value neighborhoods along the coast. The nearest
existing helipad is a police surface facility located on the beach 1.3 miles from the mission origin
point. The police helipad is not located in a secured facility and therefore was assumed in this
analysis as accessible for ODM aircraft operations. The mission destination point is an office
building in Century City with an onsite helipad.

Table 22. Malibu to Century City reference mission specifications.

Type: | Wealthy Commuter, Extreme Commute, Choke Point
Origin: | 7006 Birdview Ave, Malibu, CA 90265
2016 Origin Helipad: | L.A. Police Helipad: 5 Zuma Beach Access Rd, Malibu, CA 90265
Destination: | Century City: 1901 Avenue of the Stars, Los Angeles, CA 90067
Destination Helipad: | on-site
Driving Distance: | 27.5 mi primary ground 42.5 mi secondary ground
2016 ODM Distance: 1.3 mi to helipad 23.5 | mi LOS flight

Table 23 presents the ground transportation study for the Malibu to Century City reference
mission. Ground transportation commuting times as predicted by the Google Maps™ mapping
service were collected from 5:00 AM until 12:00 PM inbound from Malibu to Century City, and
from 1:00 PM until 8:00 PM outbound from Century City to Malibu. The low and high travel time
bound estimates were recorded, and an average time was estimated along with the half range plus
or minus value. Finally, the average speed of travel for the entire ground transportation mission
was estimated by dividing the primary ground route distance by the average trip duration.
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Table 23. Malibu to Century City reference mission ground transportation study.

Travel Time (minutes) Avg. Speed
Date Time Low High | Average | +/- (MPH)
5/17/2016 5:00 40 50 45 5 37
5/17/2016 6:00 40 55 47.5 7.5 35
= | 5/17/2016 7:00 45 85 65 20 25
S | 5/17/2016 8:00 55 110 82.5 27.5 20
S | 51772016 | 9:00 50 90 70 20 24
= | 5/17/2016 10:00 45 75 60 15 28
5/17/2016 11:00 45 75 60 15 28
5/17/2016 12:00 45 75 60 15 28
5/17/2016 13:00 45 75 60 15 28
5/17/2016 14:00 45 75 60 15 28
T 5/17/2016 15:00 45 80 62.5 17.5 26
3 | 5/17/2016 16:00 45 90 67.5 22.5 24
% 5/17/2016 17:00 50 100 75 25 22
O | 5/17/2016 18:00 50 85 67.5 17.5 24
5/17/2016 19:00 45 65 55 10 30
5/17/2016 20:00 40 60 50 10 33

Figure 39 presents a diagram of the travel time and average speed distribution. The diagram is
bimodal displaying the morning and evening “rush hour” periods arising from peak congestion on
highway 1. Furthermore, the travel time estimation bounds are quite large (+/- ~50% time) for a

majority of the day.
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Figure 39. Malibu to Century City reference mission travel time and average speed distribution.
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Finally, Figure 40 displays the inverse laborshed developed for Malibu utilizing the U.S. Census
Bureau LODES data. Darker blue regions on the map represent census tracts where more workers
from within the orange selection area travel to work to each day. As can be seen in Figure 40, the
largest number of workers remain in Malibu. The census tracts adjacent to Malibu also appear to
have a significant number of workers who commute to them each day. Expanding outwards, there
are a variety of census tracts above the Santa Monica Mountains and within Santa Monica that
have between four and 31 jobs. However, Century City stands out as a darker shaded census tract
indicating it is one of the more common worker destinations for Malibu residents who travel
beyond their own community. Upon investigation, it was found that 43 individuals conducted a
daily commute from Malibu to Century City.
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Figure 40. Malibu inverse laborshed with the Century City census tract indicated in red. Image
developed with the U.S. Census Bureau OnTheMap application. http://onthemap.ces.census.gov/.

4.2.2 San Bernardino to Glendale City Center Reference Mission

The San Bernardino to Glendale City Center reference mission captures a potential wealthy
commuter, extreme commuting market. San Bernardino is one of the two major counties of the
Inland Empire located east of Los Angeles. It is home to over 2 million people, many who
commute into Los Angeles County for work. Glendale is a significant business city center north
of the Los Angeles city center and roughly 55 miles west of San Bernardino. Glendale is located
at the southern end of the San Fernando Valley, and as a result major ground transportation
networks into the city are constrained by the surrounding mountains. Interstate 5 passes through
Glendale and is a major conduit for commuters funneling from the San Fernando Valley into Los
Angeles, or vice versa.
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Figure 41 displays the primary route from the chosen San Bernardino origin point, a wealthy
community of Rancho Cucamonga, to the Glendale City Center. The route follows highway 210
along the base of the mountains. There are a variety of alternative routes running parallel to 210
that may also provide congestion relief. Despite this significant ground transportation
infrastructure, the reference mission of 44 miles requires 45 minutes during low traffic periods and
may take as long as 160 minutes, a 255% congestion penalty, during peak weekday commuting
periods.
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Figure 41. San Bernardino to Glendale City Center reference mission. © 2016 Google.

4.2.3 Antelope Valley to Los Angeles City Center Reference Mission

The Antelope Valley to Los Angeles City Center reference mission captures a mega commuting
market. The Antelope Valley is located north of Los Angeles on the far side of the San Gabriel
Mountains. The valley is home to over 475,000 people with Palmdale and Lancaster as its two
principle cities. Although a 70 mile drive from Los Angeles, the Antelope Valley has become a
low cost suburban community to the greater Los Angeles area. Numerous commuters pass over
the few roads through the mountains each day to enter Los Angeles.

Figure 42 displays the primary route from the Antelope Valley origin point in Lancaster to the Los
Angeles City Center. The shortest commuter route is to take the N3, a small road with a single lane
in each direction, through the San Gabriel Mountains. The triple lane highway 14 passes north to
the San Clarita Valley connecting to Interstate 5 and is a commonly used alternative during peak
traffic times that. The reference mission is 61.5 miles by the N3 and 70.5 miles by highway 14.
Without congestion the trip may be completed in 80 minutes, but during peak periods it may take
as long as 130 minutes, a 60% congestion penalty.
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Figure 42. Antelope Valley to Los Angeles City Center reference mission.
© 2016 Google. Map Data: CSUMB SFML, CA OPC.

4.3 Non-Commute Point to Point Reference Missions

While the daily commute reference missions captured potential ODM markets for high income
commuting and mega commuting communities, the non-commute point-to-point reference
missions capture potential consumer demand for a diverse set of alternative ODM missions
including business, recreation, and private transportation. Unlike commuter missions, point-to-
point mission demand is unlikely to be temporally or directionally consistent. While commuting
demand is typically concentrated in morning and evening peak periods, often in a single direction
of travel, point-to-point missions may be sporadically distributed throughout the day and involve
transit from any given location to a variety of other locations.
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Considering the large diversity of potential point-to-point ODM aircraft missions, this case study
considered a set of six reference missions that captured three distinct categories of likely early
adopter markets.

The first set of point-to-point reference missions characterized travel from one city center to
another city center (inter-city missions). Such services are currently provided by helicopters for
large businesses that may have locations in multiple cities in Southern California, such as banks
or movie production studios. These inter-city trips come in two distinct flavors. First, there is travel
between two major cities in a region that are often separated by significant distance or geologic
features. For example, these ODM aircraft missions may involve flight between Los Angeles and
cities in Southern California including Santa Barbara, San Bernardino, or San Diego. In addition
to avoiding potential ground congestion, the benefit of ODM Auviation for these missions is to
cover the long distances more rapidly. To capture this potential market, a San Diego City Center
to Los Angeles City Center reference mission was considered.

The second flavor of inter-city mission involves short distance transportation between the L.A.
central business district (CBD) and an “edge” or “satellite” city that surrounds the CBD. Edge
cities are a concept introduced by Joel Garreau in 1991 to describe the rise of new, dense urban
developments with significant office and retail space on the outskirts of traditional CBDs [152].
Garreau noted the rapid, top-down development of these edge cities attracted businesses and
residents through shorter commutes, less congestion, and lower property values than the crowded
CBD. While most major cities in the U.S. now have 8 £ 2 edge cities or secondary downtowns,
Los Angeles has 45 circumferential employment sub-centers (the most of any American city)
[146]. With this quality, Los Angeles was anticipated to have an especially large demand for ODM
aircraft services between the CBD and its edge cities or between the edge cities themselves,
especially during peak congestion periods. Employment sub-centers and edge cities in the L.A.
basin include Century City, Glendale, and Long Beach, among others. To capture this potential
market, a Los Angeles City Center to Long Beach reference mission was considered.

The second category of non-commute point-to-point missions considered in this case study were
missions from one location within a metropolitan region to another location, or an “intra-city”
mission. Unlike inter-city missions, intra-city missions as considered in this case study involve
short trips between points of interest or suburban areas in or around a city, rather than from one
major business district to another.

Intra-city missions are potentially quite diverse in their characteristics, therefore three reference
missions were developed to simulate various possible intra-city mission of starkly different
requirements. The first was from the Beverly Hills Hotel to the Los Angeles International Airport.
The second was from a Redondo Beach community to Dodger Stadium for a baseball game. The
third was from a Rancho Palos Verdes community to the nearby Torrance Memorial Hospital for
medical services.

The final non-commute point-to-point mission considered in this case study represents a long
distance trip for a recreational purpose. As displayed in Table 14, numerous helicopter charter
companies currently offer flights to popular recreation and tourist locations such as Palm Springs,
Big Bear, or local wineries. These missions share common traits that are distinct from the
previously presented reference missions; these traits include long distance travel through
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congested ground networks and geologic barriers such as mountains or bodies of water. For this
case study a single recreation reference mission was defined from San Marino to Palm Springs.

For the sake of brevity, the point-to-point reference missions are only briefly introduced in this
section. The full development of these missions may be found in Appendix A.

4.3.1 San Diego City Center to Los Angeles City Center Reference Mission

The San Diego City Center to Los Angeles City Center reference mission captures a long distance
inter-city mission. Demand for such travel exists for business, personal travel and tourism
purposes. Numerous helicopter charter companies currently offer flights between these two city
centers.
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Figure 43. San Diego to Los Angeles City Center reference mission.
© 2016 Google, Map Data: SIO, NOAA, U.S. Navy, NGA, GEBCO, LDEO-Columbia, NSF, USGS.

115



Figure 43 displays the primary driving route from the San Diego City Center to the Los Angeles
City Center. This reference mission is 122 miles and the trip may be completed in 110 minutes by
car without congestion. During peak periods the same trip may take as long as 240 minutes, a
118% congestion penalty. While the demand for ODM aircraft services may be in part to avoid
congestion during peak periods, it will most likely be driven by a desire to reduce the long nominal
travel time between these two city centers.

4.3.2 Los Angeles City Center to Long Beach Reference Mission

The Los Angeles City Center to Long Beach reference mission captures a mission from a central
business district to an edge city. The origin and destination points were selected as Olvera Street
and the Long Beach city beach, respectively, to characterize tourist travel between two popular
cultural locations. Figure 44 displays the primary driving route from the Los Angeles city center
to Long Beach. This reference mission is 26.5 miles. Without congestion the trip can be completed
in 35 minutes, but during peak periods it may take as long as 100 minutes, a 185% congestion
penalty. This suggests that demand for this ODM aircraft mission may primarily exist during peak
travel periods, but ground transportation may be adequate during other periods.
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Figure 44. Los Angeles City Center to Long Beach reference mission.
© 2016 Google, Map Data: USGS, LDEO-Columbia, NSF, NOAA.
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4.3.3 The Beverly Hills Hotel to Los Angeles Airport Reference Mission

The Beverly Hills Hotel to Los Angeles Airport (LAX) reference mission captures a short distance
mission from a suburban area to a major public transportation hub. Demand for this type of mission
is heightened by strict arrival deadlines at LAX and the high cost of travel delay in the form of a
missed flight. Figure 45 displays the primary driving route from the Beverly Hills Hotel to LAX.
This reference mission is 13 miles and may be completed in as little as 26 minutes without roadway
congestion. However, during peak congestion periods the trip may take as long as 90 minutes, a
245% congestion penalty. The ground transportation route involves significant travel on highway
405 which is recognized as one of the most congested highways in America. This suggests that
demand for this ODM aircraft mission may exist throughout the day, but especially during peak
travel periods in order to provide rapid and reliable transportation to LAX.
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Figure 45. Beverly Hills Hotel to Los Angeles Airport reference mission.
© 2016 Google. Map Data: USGS.
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4.3.4 Redondo Beach to Dodger Stadium Reference Mission

The Redondo Beach to Dodger Stadium reference mission captures a short distance mission from
a suburban area to a major sporting venue. Demand for this type of mission is heightened by
unavoidable, higher than average congestion as 56,000 fans converge before the first pitch. Figure
46 displays the primary driving route from the Redondo Beach origin point to the Dodgers stadium.
This reference mission is 22.7 miles and may be completed in as little as 35 minutes without
roadway congestion. During peak, non-game day congestion periods the trip may take as long as
130 minutes, a 270% congestion penalty. However, it should be noted that the Google Maps™
mapping service, which was used to estimate travel times for this reference mission, does not
account for additional congestion due to special events in its traffic predictions. Therefore, it is
likely than an additional, perhaps significant congestion penalty should be applied in addition to
the standard travel times presented in this study.
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Figure 46. Redondo Beach to Dodger Stadium reference mission. © 2016 Google. Map Data:
S10, NOAA, U.S. Navy, NGA, GEBCO, USGS, LDEO-Columbia, NSF.

Taken together, the large standard travel time and additional game day congestion may create
substantial demand for this ODM aircraft mission. This projection is supported by the existence of
current helicopter charter services offered to the Dodgers stadium at significant price markups as
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shown in Table 14. These current day services confirm that there exists a high willingness to pay
for air transportation services to and from Dodgers games in the L.A. basin.

4.3.5 Rancho Palos Verdes to Torrance Memorial Hospital Reference Mission

The Rancho Palos Verdes to Torrance Memorial Hospital reference mission captures a short
distance mission from a wealthy suburban area to a nearby major hospital. One of the primary
applications for current helicopter services is emergency medical air transportation for patients.
While these services are provided at great cost and typically reserved for patients with serious
conditions, ODM aircraft could potentially make aircraft-based medical transportation available
to a greater number of patients.

Figure 47 displays the primary driving route from the origin point in the Rancho Palos Verdes
neighborhoods to the Torrance Memorial Hospital. This reference mission is 8.5 miles and may
be completed in as little as 16 minutes without roadway congestion. During peak congestion
periods the trip may take as long as 28 minutes, a 75% congestion penalty. While the congestion
penalty and travel time for this reference mission is lower than any of the other reference missions,
significant demand for ODM aircraft medical services may still exist due to the critical nature and
high value of time for such services. It should be noted, however, that medical missions are likely
to occur far less often than standard commuter or other point-to-point mission types.
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Figure 47. Rancho Palos Verdes to Torrance Memorial Hospital reference mission.
© 2016 Google. Map Data: CSUMB SFML, CA OPS, USGS.
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4.3.6 San Marino to Palm Springs Reference Mission

The San Marino to Palm Springs reference mission captures a long distance mission from a
wealthy suburban area to a common vacation spot. Figure 48 displays the primary driving route
from San Marino to Palm Springs. This reference mission is 116 miles and may be completed in
110 minutes without roadway congestion, or 140 minutes during peak congestion periods.
Numerous helicopter charter companies offer flights to Palm Springs, especially for the Coachella
and Stagecoach music festivals. Therefore ODM Auviation services from San Marino to Palm
Springs may be considered a potential mission for the early adopter market.
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Figure 48. San Marino to Palm Springs reference mission overview.
© 2016 Google. Map Data: SIO, NOAA, U.S. Navy, NGS, GEBCO, LDEO-Columbia, NSF.

4.4 Randomly Selected Reference Missions

In addition to the nine reference missions selected to represent various requirements of potential
early adopter markets, three additional reference missions were created with randomly selected
origin and destination points. The purpose of these additional reference missions was to simulate
potential ODM flights in areas other than those perceived by the author as early adopting markets.
Defining the reference missions based solely upon likely early adopting markets may bias the
review of ODM Aviation operational potential as the early adopter routes may share similar
characteristics. Therefore, the randomly selected routes were anticipated to avoid this bias and
reveal additional operational constraints, if any exist, that were not apparent in the other nine
reference missions.

For the randomly selected reference missions, origin and destination points were randomly
generated addresses within a defined region. The boundary of this region was rectangular with the
four sides corresponding roughly to San Bernardino, Malibu, Irvine and the Antelope Valley. The
addresses corresponded to positions on roadways mapped in the Google Street View program. The
engine used to select these random points is publically available at Ref. [153].

This research chose to randomly select origin and destination positions on all roads within the
system boundary rather than only at valid addresses. This approach was taken because it was found
to provide the randomly selected reference missions with greater variability and coverage of the
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geographic area. If origin and destination points were selected only from valid addresses, the
missions would be clumped in densely populated regions where more homes and businesses were
and therefore underrepresented less populated suburban and rural areas. While more densely
populated areas may represent larger potential areas of consumer demand for ODM, it is also
possible individuals further away from CBDs may have higher demand for these services.
Selecting the origin and destination points equally from all roads within the reference area was
therefore determined to be the more appropriate approach.

For the sake of brevity the detailed development of the three randomly selected references missions
is presented in Appendix A while a summary of each reference mission is provided below.

44.1 Randomly Selected Reference Mission 1: San Bernardino to Perris

The San Bernardino to Perris reference mission is shown in Figure 49. The origin is a suburban
area in central San Bernardino, while the destination is a more rural development in the town of
Perris. The reference mission is 26 miles requiring 28 minutes during low traffic periods. The trip
may take as long as 70 minutes during the evening rush hour period by car. This is 150%
congestion penalty. Unlike any of the nine defined reference missions, this mission is relatively
short distance and occurs between two edge cities.
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Figure 49. San Bernardino to Perris reference mission. © 2016 Google.
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4.4.2 Randomly Selected Reference Mission 2: Arleta to Corona

The Arleta to Corona reference mission is shown in Figure 50. The origin point is a dense suburban
area of Arleta while the destination is a home on the periphery of Corona. The ground route passes
out of the San Fernando Valley and crosses a large portion of the L.A. basin. The reference mission
is 71 miles. It may be driven in 70 minutes during low traffic periods, but may take as long as 190
minutes, a 170% congestion penalty, during the evening rush hour period. This reference mission
represents long distance transportation between two suburban areas on the outskirts of the L.A.
basin.
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Figure 50. Arleta to Corona reference mission.
© 2016 Google. Map Data: LDEO-Columbia, NSF, NOAA, USGS.

4.4.3 Randomly Selected Reference Mission 3: Altadena to Culver City

The Altadena to Culver City reference mission is displayed in Figure 51. The origin point is a
wealthy suburban area at the foot of the San Gabriel Mountains. The destination is a dense
suburban area between Culver City and Inglewood. The ground route crosses the L.A. CBD and
includes a portion of Interstate 405 which is a major congestion area in the L.A. basin. The
reference mission is 30 miles and 40 minutes during low traffic periods, but may take as long as
130 minutes, a 225% congestion penalty, during the morning rush hour period. This reference
mission represents transportation between two suburban areas near central Los Angeles.
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Figure 51. Altadena to Culver City reference mission.
© 2016 Google. Map Data: USGS, SIO, NOAA, U.S. Navy, NGA, GEBCO.

4.5 L.A. Case Study Reference Mission Definition Summary

This section presented twelve reference missions to display the variety of missions proposed for
ODM Auviation operations in Southern California. Nine of the reference missions were defined to
specifically represent promising early adopter consumer markets; these included potential markets

such as:

wealthy commuters who may have a high willingness to pay for ODM Aviation services

mega commuters who travel long durations and distances each day and may realize
significant benefits from ODM Aviation

businesses that desire to transport executives or employees more quickly between
company locations

tourists and event attendees who travel on highly congested routes, or may have strict
arrival deadlines for concerts, sports games, or flights

individuals who must make a planned or emergency trip to a medical facility

vacationers who desire to travel to remote areas and avoid congestion

Section 4.2 introduced the three daily commute reference missions. The potential demand for
ODM aircraft services was validated for these missions by considering conventional vehicle travel
times and congestion penalties, as well as determining the number of individuals who participate
in the specific commute through U.S. Census data.

From this review, the Malibu to Century City and San Bernardino to Glendale City Center
reference missions were found to be promising, small volume markets. The severe congestion
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penalties on these routes may create substantial demand among the affluent communities
considered in the missions. However, neither of these reference missions represented a substantial
market in terms of size. The total addressable market was 43 individuals for Malibu to Century
City and 85 individuals for San Bernardino to Glendale. If market penetration, ride sharing of
ODM aircraft and variability in demand is considered, it is unlikely these two missions would
represent more than a few flights per day in the short term.

However, it should be noted that these reference missions only considered travel from a specific
reference origin area to another, relatively small destination area. By considering Santa Monica as
an alternative destination for the Malibu mission and the Los Angeles City Center as an alternative
destination for the San Bernardino mission, the total addressable market jumps to over 800
individuals. This suggests that a larger ODM Aviation network may exist for these wealthy
community daily commute reference missions if additional destinations are considered.
Furthermore, the U.S. Census LODES data does not capture the commuting patterns of all
individuals, so greater demand may potentially be captured than predicted in this initial analysis.

The Antelope Valley to Los Angeles City Center reference mission was shown in Section 4.2.3 to
be a promising, high volume commuter market. ODM aircraft may offer significant time savings
on this mega commuter route, and the total addressable market was 951 individuals. The Antelope
Valley is not a highly affluent suburb of Los Angeles. Therefore, compared to Malibu or the
Rancho Cucamonga community in San Bernardino, it should be expected that ODM aircraft will
achieve a smaller market penetration in the 951 potential individuals of the Antelope Valley as
they may have a lower willingness to pay for the service.

Section 4.3 introduced six non-commuter point-to-point reference missions. Among these
missions, the San Diego to Los Angeles and San Marino to Palm Springs missions were found to
represent potential high value markets. These missions both considered the use of ODM aircraft
for relatively long missions (100+ miles) and therefore provide businesses and individuals with
significant time savings compared to ground transportation. Since the time savings are not only
significant during the peak congestion periods, these two reference missions may have stable
demand throughout the whole day.

The Beverly Hills Hotel to Los Angeles Airport, L.A. to Long Beach, and Redondo Beach to
Dodger Stadium missions were also found to represent potential high demand markets, however
only during peak congestion times.

The Rancho Palos Verdes to Torrance Memorial Hospital reference mission was not found to
provide significant potential time savings benefits for one way travel and therefore is unlikely to
represent a significant early adopter market. However, ODM aircraft may offer significant time
savings for medical services and may also offer new choices and capabilities to consumers. When
these additional factors are considered, ODM aircraft medical services may be considered as a
sizable early adopter market.

Finally, three missions with randomly selected origin and destination points were developed.
These missions were not defined to simulate anticipated high value markets, and therefore would
not be biased by potential similarities in the nine missions specifically defined by the researcher.
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These three missions may reveal additional constraints or opportunities not present in the high
value market reference missions.

Table 24 displays a summary of the twelve reference missions. The major components of the
demand opportunity are listed. These include if the mission origin community was considered high
income, if severe congestion (>75% congestion penalty) was experienced on the ground route, if
the route was long distance (over 50 miles), and if there was an arrival deadline where being late
had ser