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and Cristina Barrado 4

1 Faculty of Transport and Traffic Engineering, University of Belgrade, 305 Vojvode Stepe,
11000 Belgrade, Serbia; e.ganic@sf.bg.ac.rs (E.G.); b.mirkovic@sf.bg.ac.rs (B.M.)

2 Nommon Solutions and Technologies, 4 Pl. Carlos Trías Bertrán, 28020 Madrid, Spain;
miguel.baena@nommon.es

3 DAAA, ONERA, Institut Polytechnique de Paris, 92322 Châtillon, France; ingrid.legriffon@onera.fr
4 Computer Architecture Department, Technical University of Catalonia, 7 Carrer d’Esteve Terradas,

Castelldefels, 08860 Barcelona, Catalunya, Spain
* Correspondence: t.krstic@sf.bg.ac.rs; Tel.: +381-11-3091-231

Abstract: The social potential of Urban Air Mobility (UAM) as a greener and faster transportation
system in and around urban environments is indisputable. Nevertheless, the success of UAM intro-
duction and its wide use will strongly depend on acceptance by the citizens and future UAM users.
The impact on overall quality of life, as a multidimensional concept that encompasses physical health,
mental and emotional well-being, economic status, education, and the environment, is becoming
a significant issue. This paper aims to describe the performance framework for the assessment of
the social and environmental impact of UAM. The specific objectives are to identify the full range
of UAM’s impacts on citizens’ quality of life and to propose a set of indicators that enables the
quantification and assessment of the identified impacts. Firstly, the main issues (focus areas) were
identified, namely, noise, visual pollution, and privacy concerns, followed by access and equity,
economic aspect, emissions, public safety, and impact on wildlife. In the next step, for each identified
focus area, performance indicators were defined along with the several cross-cutting areas for a
geographical, temporal, demographic, socioeconomic, and behavioral resolution. The proposed
performance framework could enable more efficient mitigation measures and possibly contribute to
wider adoption of the UAM operations.

Keywords: Urban Air Mobility; social acceptance; environment; drone; Unmanned Aircraft; performance
indicators

1. Introduction

A new air transport concept, known as Innovative Air Mobility (IAM) or Advanced
Air Mobility (AAM), aims at bringing the transportation of people and goods to the sky.
Enablers of this rapidly emerging transport services are new electric aircraft taking off
and landing vertically, piloted remotely or with a pilot on board, and developing towards
fully autonomous aircraft in the future. Urban Air Mobility (UAM) is the subset of IAM
operations conducted within urban environments. According to EASA, UAM is “a new safe,
secure and more sustainable air transportation system for passengers and cargo in urban
environments, enabled by new technologies and integrated into multimodal transportation
systems” (https://www.easa.europa.eu/en/what-is-uam accessed on: 19 September 2024).
It encompasses delivering goods by drones (Unmanned Aircraft—UA, also Unmanned
Aerial Vehicles—UAVs and Unmanned Aerial Systems—UASs, when air vehicles are
considered together with communication, command, and control systems) and the transport
of passengers with larger electric-powered Vertical Take-Off and Landing aircraft (eVTOL,
also VTOL Capable Aircraft—VCA), including for medical or emergency purposes. Apart
from these three key use cases, the aerial services may extend to surveillance, inspections,
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mapping, rescue, and firefighting, as well as other services that can be performed by UAs
or eVTOLs.

It is foreseeable that UAM operations could start in next few years, and numerous
studies are being directed towards creating the necessary conditions for the successful
implementation of UAM operations, involving safety and security, environmental impact,
and public acceptance. UAM, as a new air transportation system, offers the potential for
greener and faster mobility of passengers and cargo in and around urban environments.
UAM is designed to improve the current system by utilizing the airspace above congested
urban areas, thus reducing pressure and reliance on ground-based infrastructure, rather
than replacing the existing means of transportation. Although the potential societal benefits
of UAM are indisputable, the success of UAM introduction and its widespread use will
strongly depend on the confidence of and acceptance by the citizens and future UAM users.

The European Union Aviation Safety Agency (EASA) conducted a comprehensive
study in 2021 on the societal acceptance of UAM operations. The survey results were
highly uniform across the EU, but also showed that user diversity strongly influences
both acceptance and perceived hindrances. EU citizens generally have a positive attitude
towards UAM, where the notion of public interest contributes significantly to the acceptance
(e.g., medical or emergency transport or connecting remote areas), expecting faster, more
environmentally friendly and better connectivity. However, citizens strive to limit their
own exposure to safety, noise, security, and environmental impacts, and so they engage
in and play an active role in UAM implementation. The results clearly indicate that the
integration of UAM must respect citizens’ quality of life [1].

Quality of life refers to the overall well-being and satisfaction that individuals experi-
ence in various aspects of their lives. It is a multidimensional concept that encompasses
physical health, mental and emotional well-being, social relationships, economic status,
education, and the environment. Different people and cultures may prioritize these dimen-
sions differently, but together they contribute to an individual’s or a community’s overall
sense of happiness, fulfilment, and contentment [2,3]. Quality of life is often assessed
through surveys and indices that consider a range of indicators to measure and compare
the well-being of individuals or communities [4].

Current UAM performance frameworks include different indicators related to a num-
ber of issues (such as noise and gas emissions, visual pollution, safety, security, access and
equity, and economic issues) in order to evaluate UAM’s environmental impact (discussed
in the following sections). However, they are still too generic and aggregated to properly
capture the broad variety of impacts of UAM operations.

To capture the full range of UAM’s impacts on citizens’ quality of life, a set of U-space
social and environmental performance indicators (PIs) is proposed in this research (some
of which can be found in the literature, while some are newly proposed). The aim was to
capture the highest possible level of geographical, temporal, demographic, socioeconomic,
and behavioral resolution, in order to enable the analysis of the interaction between UAM
impacts and factors, such as, for example, age, gender, place of residence, level of income,
and occupational status. For that purpose, a list of so-called cross-cutting areas (with related
sub-areas) is introduced. The presented performance framework is developed under the
MUSE (Measuring U-space Social and Environmental Impact) Project.

Section 2 provides a systematic literature review of academic and non-academic
studies, reports, and project deliverables to identify the most relevant UAM impacts on
citizens’ quality of life and classify them according to their nature. The proposed set of
novel and updated U-space social and environmental indicators for the proposed focus
areas, as well as the usability and influence of the cross-cutting factors (geographical,
temporal, demographic, socioeconomic, and behavioral) on the proposed indicators, are
introduced in Section 3, complemented with the measurement mechanisms provided in
Appendix A. The final section summarizes the work carried out and the main conclusions.
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2. UAM Impacts on Citizens’ Quality of Life and Their Assessment

A comprehensive literature review was conducted, and over 70 publications covering
the definition and conceptualization of quality of life or social acceptance and references ad-
dressing one or more specific areas of impact of UAM operations are included in this analysis.

Quality of life in general is discussed in [1,5–9], while Europeans’ quality of life is
assessed through the surveys conducted by the European Foundation for the Improvement
of Living and Working Conditions [10] and by EUROSTAT indicators related to the overall
quality of life [11].

Thirty-eight reviewed references—[1,6–9,12–44] (Table 1)—cover the conceptualization
of the social acceptance of UAM. Almost half of them (18) mention particular areas of impact,
like noise or privacy concerns, while others define general aspects of the social impact.

Based on the reviewed publications, UAM impacts were classified based on their nature
into the following categories: social acceptance, noise [1,5,6,12,14,17,21,23,24,34,37–39,42,45–62],
visual pollution [1,5,14,17,19,23,24,34,37,42,61,63], privacy concerns [1,5,12,14,17,19,23,24,34,
37,64,65], access and equity [5,14,19,24,25,37,38,59], economic aspects [5,16,24,34,35,59,66],
emissions [5,19,37,59,66,67], and other (environment, safety, security, costs, wildlife, etc.) [1,
5,12,14–17,19,21,23–25,34,35,37–39,56,59,61,64,66,68–71] (Table 1). Most references are not
limited to one field of impact.

Table 1. Areas of interest and approach for assessment of UAM impacts.

Nature of Impact No. of
Publications Qualitative Assessment Quantitative Assessment Review Paper Discussion Paper

Social acceptance 39 [1,12–14,16,22,24,26,30–
32,34,38–40,42,44] [8,33,35,36,41,43] [6,7,9,15,17–

21,23,25,27–29,37,43]

Noise 32 [1,5,6,12,14,24,34,38,39,42,
45,55,61]

[5,6,24,37,45–
47,50,55,56,57,58,61] [49,52,54,60,62] [17,21,23,48,51,53,59]

Visual pollution 12 [1,5,14,24,34,42,61,63] [5,24,37,61,63] [17,19,23]
Privacy concerns 12 [1,5,12,14,24,34,65] [5,37] [64] [17,19,23]
Access and equity 8 [5,14,38] [5,24,37] [19,24,25,59]
Economic aspects 7 [5,16,24,34] [5,66] [35] [59]
Emissions 6 [5] [5,37,66,67] [19,59]
Other
(environment, safety,
security, costs, trust,
wildlife, efficiency, etc.)

26 [1,5,12,14,16,24,34,38,39] [5,24,37,56,61,66,69] [35,64,68,70,71] [15,17,19,21,23,25,59]

Table 1 summarizes references by the area of UAM impact and the approach to assess
that impact. The approaches are classified into qualitative (e.g., conducted survey) and
quantitative assessment (proposed performance indicators), review, or different impact
discussion paper. Review papers provide a literature review on the research related to
UAM social acceptance and different areas of UAM impacts (primarily noise), while papers
classified as discussion papers consider the significance of those issues, both without
a survey conducted or a quantification of those impacts. Bold, underlined reference
numbers indicate research with performance indicator definitions and/or calculations. Ten
papers with newly proposed or previously defined performance indicator calculations
were identified.

Issues of social acceptance of UAM are assessed in the literature qualitatively, e.g., through
public surveys and questionnaires (e.g., [14,42,61]) or by proposing and analyzing different
objective or subjective measures to capture the benefits and/or negative impacts of UAs
and eVTOLs [24,37,55] (Table 1). The results of the conducted surveys show a high level
of subjectivity and different perception among the individuals, but some consistencies
are also observed. For example, the results suggest that people with greater knowledge,
understanding, or personal experience with the use of drones generally become more
open to drone usage [61]. Research conducted in the study [42] shows that experiencing
drone flights in virtual simulation changes the attitude and concerns of the participants,
e.g., participants’ worries about noise and privacy related to drones significantly decreased.
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Noise, followed by visual pollution and privacy concerns, are the most frequently
mentioned negative impacts related to the implementation of UAs and eVTOLs. Visual
pollution is mostly mentioned together with noise issues in the context of public perception
and UAM acceptance [1,5,14,24,34,42,61].

Different noise metrics and measurement methods could be found in the related
research, but there is no consensus upon which measures are the most appropriate for UA
noise, since UAs generate noise differently than other vehicles (e.g., airplanes) [61]. Even
more, some research papers question the significance of noise generated by UAs, especially
with an expected altitude of high-speed operations above 200 ft (≈60 m) [46]. Likewise,
the majority of subjective parameters, visual pollution, and privacy concerns are difficult
to quantify, and the literature review showed only a few research papers related to the
quantification of these issues.

Noise and visual impacts, as two very important areas of interest related to the envi-
ronmental key performance area (KPA), are evaluated in the research projects DACUS [24]
and PJ.19–W2 [37]. Several performance indicators (PIs) related to trajectory and area-based
exposure or annoyance are proposed for noise impact calculation, as well as several PIs
related to the number of people who reported visible drones or being annoyed by visible
drone operations during the day or within an area during a period of time for visual
pollution calculation. In the DACUS project, visual pollution and privacy concerns are
considered jointly as a single issue.

The AIRMOUR project [61] investigates the public’s view on noise and visual pollution
by conducting a set of interviews and surveys. The results indicate that the majority of the
public is not overly concerned, but there is a portion of people who appraise the impact to
be high, even from a single UA or eVTOL. An image-based questionnaire is used in order to
learn more about visual pollution. The results show a lot of subjectivity in visual pollution
perception by individuals, but some regularities are also observed, such as visual pollution
increasing with the number of visible UAs (and that increase is not linear), visual pollution
decreasing with increasing distance (of the observer from the visible UAs), and informing
people about the purpose of the UA flight resulting in better acceptance of higher levels of
visual pollution. Two functions for visual pollution calculation, based on the number and
the minimum distance from the visible UAs, as well as on their purposes, are proposed [61].

One of the proposed indicators for the assessment of UAM in a case study of Upper
Bavaria is related to noise emissions and is expressed through an index based on emitted dB
in a zone divided by the population density in this zone [5]. The indicator related to visual
pollution is expressed as an index based on kilometers travelled above a zone, also divided
by the population density in this zone. Privacy concerns are considered as the sum of
affected dwellings due to take-offs and landings in a buffer area around each vertiport [5].

In the EASA guidelines on the noise measurement of UAs [60], objective noise eval-
uation metrics are defined based on the A-weighted sound exposure level (LAE) and the
A-weighted equivalent continuous sound pressure level (LAeq) for a hover flight measure-
ment and for the ambient noise, as well as based on the maximum A-frequency-weighted
sound pressure level (LAmax). The overall sound pressure level was calculated by using
numerical simulation, and the noise footprint was obtained from [47]. Noise measurements
of two UAs of different performance (quadrotor and hexarotor) in flying up and down,
hovering, and overflight procedures are conducted in [6]. An acoustic flight test was per-
formed on the prototype of an all-electric vertical take-off and landing aircraft, and the
results are provided in [58]. The results of a study evaluating the human perception of the
noise produced by four different small quadcopter UAs are presented in [55]. The research
presented in [57] develops a modelling framework for setting recommendations for drone
operations to minimize community noise impact. Maximum noise level (LAmax) and sound
exposure level (SEL), as received in typical indoor environments, were used to define drone
minimum distance to meet World Health Organization (WHO) recommendations. The
effect of UA noise on public health is still not fully understood [52], and a range of other
open questions remains to be tackled by future studies.
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As seen from Table 1, more often a qualitative approach (survey) has been applied to as-
sess the impact of drones on society and the environment, compared to quantitative measures.

Quantifying the impact of the UAM operations is the only way to move towards
their introduction and create a sustainable environment. The aim of our research is to
take one step forward towards the definition of a systematic performance framework
for quantifying the impact of UA and eVTOL operations. We first define core areas of
impact and propose indicators under each area, relying on the existing literature and the
experience with social/environmental impact of aircraft operations. Based on the results
of the qualitative research, we define cross-cutting/transversal areas that would enable
the measured impacts to be disaggregated. There are lower and higher impacted groups,
periods, etc. Differentiating between them will allow more efficient mitigation measures to
be proposed and possibly contribute to wider adoption of UAM operations.

3. U-Space Social and Environmental Performance Framework

Our approach to developing the U-space social and environmental performance
framework consisted of two phases, as presented in Figure 1. In the first phase, we proposed
a draft performance framework (see Appendix B) based on the comprehensive literature
review described in the previous section. In the second phase, the initially proposed
focus areas (FAs) and the related performance indicators for the performance framework
were validated.

The stakeholder consultation processes consisted of several activities aimed at validat-
ing the developed U-space environmental and social performance framework. The pro-
posed indicators, measurement mechanism, required input data, and calculation method-
ology/algorithms were validated through the MUSE 1st Stakeholder Workshop, during
which several brainstorming sessions were conducted combined with the survey ques-
tionnaire for the participants (see Appendix C). In addition, the stakeholder consultation
process included a working session with several External Expert Advisory Board (EEAB)
members in Madrid and a presentation of the MUSE project and current results at several
scientific conferences.

The MUSE 1st Stakeholder Workshop was held on 23 November 2023 at EUROCON-
TROL’s Aviation Learning Centre, Luxembourg. The workshop was organized as part of
the AiRMOUR Masterclass 2, which brought together more than 80 experts from various
fields, including partners from several projects and initiatives related to MUSE, as well
as experts from city authorities, the UAM industry, the medical sector, etc. Among the
registered attendees, 33 of them participated in the MUSE 1st Stakeholder Workshop.
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Based on the feedback obtained from the workshop participants (through several
brainstorming sessions and individual questionnaires), as well as from the EEAB mem-
bers and other relevant stakeholders, new performance indicators were proposed and
the initial performance framework was further upgraded during consortium members’
brainstorming sessions.

The performance framework described in this chapter represents the final version,
including the feedback from all the relevant stakeholders.

3.1. Focus Areas and Cross-Cutting Areas

The list of proposed focus areas is as follows:

• Noise (NO),
• Visual pollution (VP),
• Privacy concerns (PC),
• Access and equity (AE),
• Economic aspects (EC),
• Emissions (EM),
• Wildlife (WL),
• Public safety (PS).

The chosen FAs are also in line with the SESAR performance framework provided in
the PJ19-W2 [37]: SESAR Performance Framework U-space Companion Document and the
related projects (DACUS [24], AiRMOUR [61], etc.). For each of the given FAs, the related
PIs have been proposed and defined (Section 3.2).

While creating indicators, it is important to keep in mind that people’s subjective
perceptions of quality of life differ amongst individuals and across cultural boundaries.
Previous research has discovered that some demographic parameters, such as gender, age,
socioeconomic status, occupation, annual income, industry, nature of work, and educational
qualification, are related to public acceptance of drones [1,22,34]. For example, compared
to older people, younger people are often more inclined to utilize emerging technologies.
Furthermore, females were found to be more frightened about autonomous robots and
artificial intelligence [22]. The level of urbanization can affect visual pollution, since people
reported being more visually annoyed by drone operations in rural areas compared to
urban areas. The purpose of flying should also be considered when analyzing the impact of
UA operations on the population, since public acceptance is higher for medical purposes,
infrastructure surveying, and emergency transport compared to delivery of goods and
passenger transport.

In order to encompass all the aforementioned influences and subjectivity, a rigorous
assessment of UAM’s social and environmental impact requires a comprehensive indi-
cator system that provides the highest possible level of spatial, temporal, demographic,
socioeconomic, and behavioral resolution. Besides the PIs, a list of possible cross-cutting
areas is proposed. All the indicators proposed can be combined with different cross-cutting
areas in order to enable the analysis of the interaction between UAM impacts and factors
such as age, gender, place of residence, level of income, occupational status, etc. Such an
approach can generate hundreds of different indicators that could be tailored to the specific
challenges and needs of various communities.

Keeping in mind all the aforementioned dependencies, as well as feedback obtained
from relevant stakeholders, the proposed indicators should take into account in the cross-
cutting areas presented in Table 2. Different cross-cutting areas could also be combined
for some indicators. The usability and influence of the proposed cross-cutting areas on the
proposed indicators could vary among communities, stakeholders, or scenarios.
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Table 2. Cross-cutting areas.

Cross-Cutting
Area Sub-Area Factor

Geographical

Level of urbanization Urban, suburban, rural
Land use Recreational, residential, industrial, commercial
Purpose of use of the
facility Hospital, school, sports venue, military, industry, governance

Temporal
Time Morning, evening, night, school time, work time
Day Weekday, weekend
Season Winter, spring, summer, autumn

Purpose of flying Purpose of flying Delivery of goods, medical, infrastructure surveying, emergency transport,
passenger transport

Demographic Age Age groups (<25, 25–44, 45–64, >65)
Gender Female, male, other

Socio-economic
Occupational status Employed, unemployed, student, pupil, retired
Income level Low, average, high

Phase of flight Phase of flight Take-off, landing, cruise, hover

Activity type Activity type Home, work, education, other

3.2. Performance Indicators

The proposed indicators are, as already mentioned, designed so as to enable the maxi-
mum possible level of geographical, temporal, demographic, and socioeconomic resolution.
This enables the analysis of the interaction between UAM impacts and factors such as
age, gender, place of residence, level of income, occupational status, etc., as well as the
aggregation and evaluation of UAM’s impact at different spatial scales (e.g., neighborhood,
municipality, metropolitan area) for different time periods (e.g., daytime vs. night-time,
working days vs. weekends) and along different dimensions (e.g., impact on different
population groups).

While most of the proposed indicators have one dimension, some are composite indi-
cators, representing a mathematical combination of individual indicators that represent
different dimensions of a concept being measured. The purpose of composite indicators
is to provide a comprehensive overview or summary measure that reflects the multidi-
mensional aspects of the concept under consideration. It should be noted that presenting
only aggregated information might result in the loss of relevant details about the num-
ber of people affected. For instance, a certain composite indicator could yield a result of
1000, but it could represent either one event affecting 1000 people or 1000 events with a
single person affected. From the perspective of UAM acceptability, knowing the precise
number of people affected seems crucial. Therefore, it is pivotal to combine indicators
measuring affected people with those measuring the composite effects, which will allow
multidimensional aspects of UAM’s impacts on the population to be captured. If needed,
all proposed composite indicators can be transformed into one-dimensional indicators by
setting various thresholds established by additional parameters, such as the number of
events, duration, etc.

The following subsections detail the indicators per focus area. The origin of each PI is
provided, indicating whether the PI is newly introduced by the MUSE project, modified
from a previous study, or adopted from an existing study. For the five main focus areas,
more detailed descriptions and measurement mechanisms of the proposed PIs are provided
in Appendix A.

3.2.1. Noise

Noise is the most addressed negative effect related to the UAM implementation.
UA noise is an environmental noise characterized by high frequencies and high tonality.
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Noise pollution has both physiological (physically measurable causes and effects) and
psychological (subjective) elements [61].

Taking into account all perceptions, the mechanisms by which aircraft noise affects
citizens are likely to be very diverse. Previous research has shown that it is important
to distinguish between acoustic and non-acoustic factors. The most important acoustic
influence factors are identified [24]: event number and spacing, event duration, sound
pressure level, temporal and spectral characteristics of the sound, etc. Non-acoustic factors,
recognized as those with the highest influence, are [24] ground environment (population
density, land use), (personal) noise sensitivity, local activity, and time of the day.

Many different metrics and measurement methods for noise could be found in the
related research. Still, there is no consensus on which measures are the best for UA noise,
since, compared to other transportation modes (e.g., airplanes), UA noise signatures are
very characteristic due to dissimilar noise generation mechanisms [61] and very different
operational conditions (hovering, low altitude flying, etc.).

Taking into consideration all the aforementioned points regarding the noise impact of
UAs on the population, seven performance indicators are proposed within the noise FA, as
presented in Table 3.

Valuable comments and suggestions were provided during the stakeholder consulta-
tion process, and the majority of them have been incorporated in the proposed indicators.
However, some of the “remaining” comments could indicate directions for future research,
such as:

• The interaction between noise levels, time of exposure, and exposed people’s “accep-
tance” of the given noise could be considered in order to obtain acceptance thresholds
(e.g., low noise levels may be accepted by more people during longer periods and high
noise levels only during short periods).

• Furthermore, the noise indicators should include the notion of human annoyance
and not only be based on acoustic, objectively measurable, metrics. In order to do
so, noise annoyance curves are needed to indicate the relationship between objective
noise levels (integrated and/or event-based) and an annoyance measure (such as
the number of highly annoyed people, for example). The creation of these curves is,
however, very localization-dependent and requires multiple studies with field surveys
and laboratory listening tests to hopefully yield realistic numbers.

• Sharp changes in noise level (when the drone noise exceeds a predefined acceptable
level) can have a greater impact on noise perception than exposure to a constant level
of noise).

• Most noise indicators refer to outdoor noise levels. Sound insulation could result in
the fact that people indoors are exposed to only a fraction of the outdoor sound, and
the thresholds could differ from the outdoor ones.

• The correlation of noise, visual pollution, and privacy should also be addressed.

Temporal, geographical (especially land use and purpose of use), and purpose of
flying were identified (by the relevant stakeholders) as the most important cross-cutting
areas for the proposed noise indicators.

Table 3. Noise PIs.

Performance
Indicator Unit Description Source

NO-1: Area-based people’s
exposure to noise (LAeq) person

The number of people exposed to an equivalent noise
level higher than a certain threshold in dBA for a fixed
period of time within an area.

Modified U.NOI2, Area-based
exposure, [37]; Modified SOC2,
Area-based noise exposure [24].

NO-2: Area-based people’s
exposure to day–evening–night
noise level (Lden)

person
The number of people exposed to a noise level higher
than a certain threshold in dBA over a whole day (24 h)
within an area.

Modified U.NOI2, Area-based
exposure, [37]; Modified SOC2,
Area-based noise exposure [24].
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Table 3. Cont.

Performance
Indicator Unit Description Source

NO-3: Trajectory-based people’s
exposure to noise (LAE) person

The number of people exposed to a sound exposure
level higher than a certain threshold in dBA for a single
drone operation for a time period fixed by the drone
trajectory within an area.The same can be carried out
for a single drone operation for NO-1.

Modified U.NOI1,
Trajectory-based exposure [37];
Modified SOC1, Trajectory-based
noise exposure [24].

NO-4: Area-based person–event
index N. person

The number of events N exceeding a certain noise level
in dBA multiplied by the number of people exposed
over a fixed period of time within an area.

MUSE; Person–Event Index
detailed in [72].

NO-5: Duration of area-based
people’s exposure to noise D. person

A certain duration D of noise levels exceeding a certain
threshold in dBA multiplied by the number of people
exposed over a fixed period of time within an area.

MUSE

NO-6: Area-based people’s
exposure to event emergence dB. person

Difference between the noise generated by the
overflying drones and local background noise level
multiplied by the number of people exposed over a
fixed period of time within an area.

MUSE; Sound Emergence detailed
in [73].

NO-7: Area-based intermittent
exposure to noise %. person

The number of people multiplied by the ratio of
intermittent and continuous sound (Intermittence
Ratio) over a fixed period of time within an area.

MUSE; Intermittence Ratio
detailed in [74].

3.2.2. Visual Pollution

According to the general definition of visual pollution as a negative impact that an
individual may experience by viewing a visual pollutant and its movement, where a visual
pollutant is defined as “any object or artificial structure that degrades visual quality or
distracts the individual, i.e., a subjective experience for each observer” [61], a UA or an
eVTOL may be considered a visual pollutant. Visual pollution is a psychological issue [61].
As mentioned in Section 2, visual pollution is difficult to quantify (being a subjective
parameter), and a small amount of research deals with the given issue.

The DACUS project categorizes visual pollution influence factors as those related to
the operational management of the missions: the number of flights overhead, hovering
time overhead, height and ground environment (population density, land use), and those
related to the technical characteristics of the drone system, such as the size of the drone
and its configuration [24].

This research proposes nine performance indicators within the visual pollution FA, as
listed in Table 4.

Future research should address several remarks and suggestions raised by relevant
stakeholders, namely:

• An initial acceptable visual pollution threshold should be established; even the ac-
ceptable level will change over time (people’s reaction will probably change after the
“novelty” aspect fades away). Virtual reality simulation is also (besides surveys and
interviews) one of the possibilities to determine the threshold, i.e., acceptable level of
visual pollution.

• The “visible area” should be clearly defined, whether it considers only the visible area
of the sky or buildings as well. Since visual pollution is a relatively new field of study,
there is a need to measure and collect more data to be able to make reliable predictions
of the impact of UAM visual pollution for different geographical areas with different
demographic and socio-economic population profiles.

• The relation between visual pollution and privacy concerns should be investigated.

The following areas are recognized as the most relevant cross-cutting areas for the
proposed visual pollution indicators: temporal, geographical (level of urbanization), demo-
graphic (age groups), and socio-economic (occupational status).
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Table 4. Visual pollution PIs.

Performance
Indicator Unit Description Source

VP-1: Trajectory-based people
exposed person

The number of people exposed to a single drone
operation, i.e., the sum of individual persons that are
able to see the drone.

Modified U.NOI5, Visual
trajectory-based exposure [37];
Modified SOC5, Trajectory-based
visual pollution exposure [24].

VP-2: Trajectory-based people
exposed by concentration
threshold

person
The number of people exposed to a visual pollution
concentration * higher than a threshold for a single
drone operation.

MUSE

VP-3: Trajectory-based people
exposed by temporal and
concentration threshold

person
The number of people exposed to a visual pollution
concentration * higher than a threshold for a period
longer than T for a single drone operation.

MUSE

VP-4: Trajectory-based visual
exposure person. vp. h Total visual pollution exposure perceived by the

people exposed to a single drone operation. MUSE

VP-5: Area-based people
exposed person The number of people exposed to UAM traffic within

an area.

Modified U.NOI6, Visual
area-based exposure [37];
Modified SOC6, Area-based
visual pollution exposure [24].

VP-6: Area-based people
exposed by concentration
threshold

person
The number of people exposed to a visual pollution
concentration * higher than a threshold at least once a
day within an area.

MUSE

VP-7: Area-based people
exposed by temporal and
concentration threshold

person
The number of people exposed to a visual pollution
concentration * higher than a threshold for a period
longer than T along the day within an area.

MUSE

VP-8: Area-based visual
exposure person. vp. h Total visual pollution concentration * perceived by the

people exposed to UAM traffic within an area. MUSE

VP-9: Visual exposure per
kilometer person/km Kilometers traveled above a zone multiplied by the

population density in that zone. Modified “Visual pollution” [5].

* One of the proposed visual pollution concentration calculation methods is adapted from the AiRMOUR
project [61]; see Appendix A.

3.2.3. Privacy Concerns

Privacy concerns are related to visual pollution and noise issues; namely, seeing drones
(visual pollution) and being seen by drones (privacy concern) are reciprocal. Hearing drones
could influence privacy issues twofold: Hearing some noise could trigger some concerns,
as could not hearing the drone. If one can hear the drone, it is better to see it, too.

The purpose of the drone and its equipment (primarily with/without an onboard
camera) will probably have an impact on people’s perception, but this requires further
analysis. Again, people typically have no information about a drone’s equipment, and it is
much more likely that they will always expect a drone to have a camera.

As for visual pollution, privacy concerns related to UAM exposure are a relatively new
field of study, and there are not many studies that deal with this issue in depth. Mostly, its
importance is mentioned. There is a need to conduct surveys and interviews to collect more
data to be able to establish an interdependency between privacy concerns and different UA
exposure characteristics.

Five performance indicators are defined within the privacy concern FA and are pre-
sented in Table 5.

The general stance of the stakeholder consultation process was that the extent to
which the citizens are informed about the UAM operation is pivotal. Transparency and
trust towards authorities (i.e., when they ensure that privacy is respected) are essential in
mitigating this issue. An application that shows the purpose of drones flying may mitigate
the anxiety related to drone operations. This is certainly an issue that should be addressed.

The following cross-cutting areas have been recognized as those with higher impor-
tance for the given focus area: phase of flight (the impacts on privacy are more likely to
occur during take-off and landing, as well during hovering), geographical/land use in com-
bination with temporal cross-cutting areas, and demographic/gender base (e.g., women
might be more concerned than men about privacy).
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Table 5. Privacy concern PIs.

Performance
Indicator Unit Description Source

PC-1: Trajectory-based people
visually annoyed person Total number of people annoyed by (the

presence of) a single drone operation.

Modified U.NOI7, Visual
trajectory-based annoyance [37];
Modified SOC7, Trajectory-based
visual pollution annoyance [24].

PC-2: Trajectory-based people
exposed to hovering drones person

Total number of people visually exposed to a
hovering drone at a distance less than a
certain threshold for a single drone
operation.

MUSE

PC-3: Area-based people visually
annoyed person

Total number of people annoyed by the
presence of UAs within an area during an
observed time period.

Modified U.NOI8, Visual
area-based annoyance [37];
Modified SOC8, Area-based
visual pollution annoyance [24].

PC-4: Area-based people exposed
to hovering drones person

Total number of people visually exposed to
hovering drone(s) at a distance less than a
certain threshold within an area during an
observed time period.

MUSE

PC-5: Area-based duration of
visual exposure to different
hovering drones

person. vp (hovering
drones).h

The accumulated visual exposure to
hovering drones in a given area for a given
time.

MUSE

3.2.4. Access and Equity

Access and equity are fundamental principles in various fields, including healthcare,
education, social services, and more. Ensuring access and equity for the population involves
addressing disparities and barriers that may prevent certain individuals or groups from
enjoying the same opportunities and benefits as others. Shared access to UAM services by
different population groups shall be achieved equitably, i.e., different population groups
should be treated with equity when using UAM services.

Achieving access and equity requires a holistic and collaborative approach in perform-
ing UAM services. It involves understanding and addressing the unique needs of different
populations to create a more just and inclusive society.

Four performance indicators are newly proposed (by the MUSE project) within the
access and equity FA, and they are presented in Table 6.

Table 6. Access and equity PIs.

Performance Indicator Unit Description

AE-1: Deliveries of goods to areas with
limited or no transport connections number The number of deliveries of goods and equipment to areas with limited

or no transport connections during the observed time period.

AE-2: Reduced travel time for
healthcare-related deliveries seconds

The amount of time reduced for healthcare-related deliveries by UAs
compared to the delivery by road transport during the observed time
period.

AE-3: Deviation of noise exposure from
mean value number The amount by which the noise exposure within an area deviates from

the mean value for all the areas.
AE-4: Deviation of visual pollution exposure
from mean value number The amount by which visual pollution exposure within an area

deviates from the mean value for all the areas.

3.2.5. Emissions

The environmental impact and greenhouse emissions profile of UAs depend largely
on whether they are powered by conventional fuels, batteries (electric), or hybrid systems.
UAs powered by gasoline or diesel engines emit CO2 and other greenhouse gases during
operation. The amount varies with the UA’s size, engine efficiency, and operational dura-
tion. Electric- and hydrogen-powered UAs produce zero direct emissions during flight,
thus becoming a cleaner (at the source) alternative for operations traditionally performed
by fuel-powered aircraft. The environmental impact of electric UAs includes the emissions
associated with manufacturing the drones and batteries, as well as generating the electricity
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used to charge them. If the electricity comes from renewable sources, the overall carbon
footprint can be lower than that of conventional fuel-powered UAs.

UAs can perform certain tasks more efficiently than manned vehicles or ground-based
alternatives, thus potentially reducing overall emissions. Nevertheless, the environmental
impact of battery production (currently with a very short life cycle) and disposal is a
concern for electric and hybrid UAs. The final impact of the introduction of those new
technologies should be carefully analyzed. Sustainable battery technologies and recycling
programs are critical to minimizing these impacts.

This research defines five performance indicators for the emissions aspects FA, as
presented in Table 7.

Table 7. Emissions aspect PIs.

Performance
Indicator Unit Description Source

EM-1: Actual average CO2
emission per flight

kg CO2 per
flight

Total amount of CO2 emitted by a given number of
flights (based on the emissions index of the fuel used,
e.g., conventional or sustainable fuel) divided by the
number of flights

Same as U.ENV1, Actual
average CO2 emission
per flight [37].

EM-2: Trajectory-based
energy consumption kwh The amount of energy consumed by a single drone

operation (based on the type of UAM and trajectory). MUSE

EM-3: Trajectory-based
CO2-eq emission kg CO2-eq The amount of CO2-eq emitted by a single drone

operation. MUSE

EM-4: Area-based CO2-eq
emission kg CO2-eq/h The amount of CO2-eq emitted by UAs within an area

during the observed time period. MUSE

EM-5: Area-based CO2-eq
emission decrease kg CO2-eq/h

The amount of CO2-eq emitted less for the observed
deliveries with UA introduction (compared to road
traffic delivery) within an area during the observed
time period.

MUSE

3.2.6. Other Areas of UAM Impact

The following focus areas are also mentioned in the literature as important issues:
economic impact [5,16,24,34,35,59,66] and impact on wildlife [24,70,71]. Additionally, we
introduce the public safety focus area as one of the positive social aspects of UAM introduc-
tion (discussed below). These three focus areas are included as a placeholder for a broader
performance framework. Although some indicators and measurement mechanisms are
proposed, there are too many uncertainties that prevent a clearer deliberation of whether
they will remain an issue in the future and to what extent, or whether some will be resolved
on a higher level (e.g., safety issues with regulations, etc.).

Economic Aspects

The economic impact of UAM on the population can be profound, encompassing
aspects such as job creation, infrastructure development, and shifts in the real estate market.
UAM initiatives can create jobs in manufacturing, operations, maintenance, air traffic
management, and regulation. This includes both direct jobs in the design and production
of UAM vehicles and indirect jobs in the broader ecosystem. The development of UAM
requires substantial investment in new infrastructure, including vertiports and electric
charging facilities. This can stimulate construction and engineering sectors, but it also
requires careful urban planning to integrate with the existing transportation systems.

The need for vertiports and other UAM-related infrastructure could change how
urban spaces are used, affecting land values and possibly leading to conflicts over land
use priorities. Although improved connectivity caused by enhanced accessibility of certain
areas using UAM could potentially increase the value of commercial properties, it is more
likely that exposure to regular/frequent drone operations would lead to a decrease in
residential property values. UAM could also cause the loss of some jobs (e.g., delivery
vehicle drivers) or create new jobs (requiring some specific skills, e.g., pilots).
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There are two performance indicators defined within the economic aspects FA, and
they are listed in Table 8.

Table 8. Economic aspect PIs.

Performance
Indicator Unit Description Source

EC-1: Area of positive
economic influence km2 Area * expressed in km2 that would fall into the zone

with new jobs as a consequence of drone operations.
MUSE

EC-2: Area of negative
economic influence km2

Area * expressed in km2 that would fall into the zone
where property values decrease as a consequence of
exposure to regular/frequent drone operations.

Modified “Housing cost”, Change
in housing cost as an impact of
land-use change from UAM [5].

* The number of dwellings, people, or new jobs within an area could also be calculated instead of the area.

Public Safety

UAs have become increasingly prevalent in a variety of public and private safety
applications due to their versatility, advanced capabilities, and cost-effectiveness. They
offer several benefits across different sectors, including military, law enforcement, border
security, and private security operations.

UAs can provide live video feeds, allowing for real-time monitoring of events, ac-
tivities, or areas of interest. This capability is crucial for situational awareness in public
safety operations, disaster response, and law enforcement activities. Drones can cover
large and difficult-to-reach areas more efficiently than ground-based patrols or manned
aircraft, which makes them ideal for border surveillance, wildlife monitoring, and critical
infrastructure inspection. UAs can be quickly deployed to assess situations from the air,
providing immediate information to decision-makers and response teams on the ground.

UAs can operate both day and night, as they are equipped with technologies such as
thermal imaging and night vision cameras, thus extending the operational capabilities of
public safety forces beyond traditional means. The aerial perspective offered by drones
provides a strategic advantage, allowing for better coordination and management of ground
forces during operations.

However, with these capabilities, their use also raises considerations related to privacy,
legal and ethical use, airspace regulation, and vulnerability to malicious use or cyberat-
tacks. Addressing these challenges through comprehensive policies, regulations, and best
practices is essential to maximizing the benefits of UA services while minimizing potential
risks. Maintaining public safety has a higher priority than the consequences they “bring”,
like noise, visual pollution, and privacy concerns. For example, it is now the case that
military aircraft operations are exempt from noise assessment in aviation.

In related performance frameworks (e.g., in [24,37]), the proposed PIs for security and
safety refer to U-space system and UA operations, as commonly used in aviation. In line
with societal (and environmental) impact assessment, we propose the public safety focus
area as one of the positive social aspects of UAM introduction. Two performance indicators
are proposed within this focus area, as shown in Table 9. The indicators assume that people
in an area “exposed” to drones hovering above could feel safer.

Table 9. Public safety aspect PIs.

Performance Indicator Unit Description Source

PS-1: Area-based exposure to
hovering drones drones

Total number of drones hovering at a height below a
certain threshold within an area during the observed
time period.

MUSE

PS-2: Area-based duration of
exposure to hovering drones minutes

Total duration of drones hovering at a height below
a certain threshold within an area during the
observed time period.

Modified U.NOI11, Privacy
based on area exposure [37].
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Wildlife

Drone traffic affects wildlife in a variety of ways. Various studies show that different
types of animals show different responses and sensitivity to drone traffic [24,70,71]. As a
result, it should be possible to determine different levels of annoyance. For example, it
seems that approach speed, angle, and color are perceived differently by various types of
animals, and therefore further surveys should be conducted [24].

One of the usual ways to partially protect nature from a negative impact is to establish
no-drone zones in areas with a high density of sensitive species. Since wildlife is not limited
to these areas, some indicators could be introduced to measure the impact on wildlife.

The DACUS project proposes four performance indicators (WL-1, WL-2, WL-3, WL-4)
within the wildlife FA, which allows the impact of drone traffic on wildlife to be monitored
based on exposure and annoyance [24].

Following sustainable practices of airports, UAM operations should be assessed based
on their disruptions to natural habitat as well. Assessing the exposure or annoyance of one
particular species to specific drones or trajectories is not likely. For that reason, in order to
assure wildlife preservation, the total amount of wildlife within an area of impact should
be measured on a regular basis, e.g., once a year, after achieving a certain traffic level, after
introducing new vehicles, etc. Therefore, two performance indicators (WL-5, WL-6) are
proposed in addition to the four PIs defined by the DACUS project, and all six are listed in
Table 10.

Table 10. Wildlife aspect PIs.

Performance Indicator Unit Description Source

WL-1: Exposure of wildlife for
a given trajectory wildlife Total amount of wildlife exposed within

noise and appearance contours.
Same as WLD1, Trajectory-based
noise and visual exposure [24].

WL-2: Exposure of wildlife for
a traffic scenario wildlife Total amount of wildlife exposed within an

area during the observed time period.
Same as WLD2, Area-based noise
and visual exposure [24].

WL-3: Annoyance level for
single trajectory wildlife Total amount of affected wildlife within

noise and appearance contours.
Same as WLD3, Trajectory-based
noise and visual annoyance [24].

WL-4: Annoyance level for a
traffic scenario wildlife Total amount of affected wildlife within an

area during the observed time period.
Same as WLD4, Area-based noise
and visual annoyance [24].

WL-5: Disruption of wildlife
for a traffic scenario—noise
contour

wildlife
The difference between the total amount of
wildlife within noise contours for the two
consecutive measurements.

MUSE

WL-6: Disruption of wildlife
for a traffic scenario—wildlife
appearance contour

wildlife
The difference between the total amount of
wildlife within their appearance contours for
the two consecutive measurements.

MUSE

4. Conclusions

The main goal of this paper was to define a set of social and environmental perfor-
mance indicators (PIs) of the future urban air mobility system. These indicators are capable
of capturing the full range of impacts on citizens’ quality of life produced by nearby air
traffic. Indicators and measuring mechanisms are detailed herein for the defined main focus
areas: noise, visual pollution, privacy concerns, access and equity, emissions, economic
aspects, public safety, and wildlife.

The perspective on the quality of life, which encourages a comprehensive and human-
centered approach to well-being, covering physical, psychological, social, and environmen-
tal dimensions, was integrated into the proposed performance framework and considered
when defining the focus areas and the related performance indicators.

The presented PIs can be discretized with the highest possible level of detail, such as
geographical, temporal, demographic, socioeconomic, and behavioral resolution. These PIs,
presented as the cross-cutting areas, shall enable the analysis of the interaction between the
UAM’s societal impacts and the population factors, such as age, gender, place of residence,
level of income, occupational status, etc.
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The application of the proposed performance framework to a list of futuristic but
credible drone traffic scenarios in a large city will follow as immediate research. The
obtained values will be assessed by a powerful visualization tool, an interactive dashboard
where the results can be disaggregated per cross-cutting area and end users can study the
relationships between indicators.

Potential users of the proposed performance framework will be the governance board
of the U-space. At present, the governance of U-space is still unknown, but relevant
stakeholders that we envision in it are municipalities, citizens’ associations, urban planners,
health officers, environmental health specialists, and regional authorities, in addition to
national civil aviation authorities and airspace/U-space service providers.

The availability of objective data, capturing the actual values of noise, visual pollution,
emissions, and other socio-economic factors of urban air traffic, are a key element in the
hands of the U-space authorities. Only the continuous monitoring of social performance
indicators will ensure that the economic growth provided by the urban drones is sustainable
for the environment and preserves the quality of life of the inhabitants of the city.

Future work includes the collection of subjective data, through interviews and surveys,
and the study of human sensitivity that helps to establish the performance framework
thresholds (e.g., acceptable noise or visual pollution levels). This work shall take into
account the different geographical areas and the different demographic and population
profiles that help the U-space board make informed decisions about the potential restrictions
that need to be set for urban drone flights to permit their peaceful coexistence with the
population they serve.

Author Contributions: Conceptualization, all authors; methodology, all authors; formal analysis,
T.K.S. and E.G.; investigation, all authors; writing—original draft preparation, T.K.S. and E.G.;
writing—review and editing, all authors. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the MUSE project (Measuring U-Space Social and Environ-
mental Impact). This project has received funding from the SESAR 3 Joint Undertaking (SESAR 3 JU)
under grant agreement No. 101114858. The JU receives support from the European Union’s Horizon
Europe research and innovation program and the SESAR 3 JU members other than the Union. The
results reflect only the authors’ view, and the SESAR 3 JU is not responsible for any use that may be
made of the information it contains.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to express their gratitude to other researchers and
colleagues who contributed ideas that inform this article, in particular, Jovana Kuljanin (UPC), David
Mocholí (Nommon), Marta Alonso (Nommon), Elise Ruaud (ONERA), and Fed̄a Netjasov (FTTE).

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Appendix A. Definition and Measurement Mechanisms for Performance Indicators

A.1. Noise-Related Indicators

A.1.1. NO-1: Area-Based People’s Exposure to Noise (LAeq)

The equivalent noise level at a receiver is calculated by summing all noise contributions
in dBA (A-weighted noise levels) at a single time step and then taking the mean value over
the considered time period.

For example, if the time period is 1 h, at receiver X at 8 A.M. there could be 150 persons
exposed to an LAeq,1 h of 65 dBA. At the same receiver one hour later, at 9 A.M., 50 persons
could be exposed to an LAeq,1 h of 75 dBA.
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A.1.2. NO-2: Area-Based People’s Exposure to Day–Evening–Night Noise Level (Lden)

The day–evening–night noise levels (Lden) are calculated at all receiver points.
These are calculated as follows:

Lden = 10 log
[

12
24

× 10(
LD
10 ) +

4
24

× 10(
LE+5

10 ) +
8
24

× 10(
LN+10

10 )

]
(A1)

where the subscripts D, E, and N stand for Day, Evening, and Night. They are respectively
calculated over a fixed period of time of 12 h (e.g., between 7 A.M. and 7 P.M.) for the day
level, 4 h (e.g., between 7 P.M. an 11 P.M.) for the evening level, and 8 h (e.g., between
11 P.M. and 7 A.M.) for the night level. This indicator is officially named by the 2002/49/EC
Directive of the European Parliament and of the Council of 25 June 2002.

This integrated metric covers all the traffic during the day. The number of people
exposed to an Lden value higher than a fixed threshold can also be counted within an area.

A.1.3. NO-3: Trajectory-Based People’s Exposure to Noise (LAE)

For this indicator, we do not look at the whole fleet at the same time but single out
operations. The point of this indicator is the comparison between the impact of two drone
types performing the same mission, or the same drone type flying at different altitudes
or speed.

Once an operation is singled out, the noise level at a receiver point, coming from the
targeted drone, is summed over its whole trajectory, leading to the A-weighted sound
exposure level. The start and stop of the measurement are determined by a threshold of
maximum noise level minus 15 dBA, for example. This threshold is yet to be determined
and will probably depend on local background noise levels.

For a drone operation, we will therefore obtain LAE levels at all exposed receivers, and
we can count the number of people affected by certain LAE levels.

This trajectory-based approach can also be applied to NO-1, where the LAE metric is
replaced by an LAeq metric. However, the time integration period has to be determined.

A.1.4. NO-4: Area-Based Person–Event Index

The notion of “event” here is not to be mistaken with a single drone flyover, since sev-
eral drones could be flying close enough to be considered one single event. The definition
of “event” will depend on the limit (maximum level minus a certain value of dB, e.g., 5 dB)
that we choose to suppose an event to be finished.

The person–event index (PEI) is calculated as follows:

PEI(x) = ∑
T

PN × N (A2)

where x is a threshold in dBA, e.g., LAeq,5 s, PN is the number of persons affected, and N is
the number of events, all summed over a fixed period of time T (e.g., 1 h).

The person–event index is calculated by multiplying the number of people exposed to
N noise events exceeding x dB(A), with the number of events N. This indicator therefore
includes the notion of the number of events above a certain threshold. The threshold value
x could be adapted to local background noise levels.

A.1.5. NO-5: Duration of Area-Based People’s Exposure to Noise

This indicator is calculated by multiplying the total duration of noise events above a
specified noise level over a set time interval with the number of people exposed.

It is calculated in a same way as NO-4, except that we do not count the number of
events but rather the duration of time of the fixed noise threshold being exceeded.
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A.1.6. NO-6: Area-Based People’s Exposure to Event Emergence

The event emergence indicator depends not only on the noise generated by the over-
flying drones but also on local background noise levels.

The emergence can, for instance, be calculated by subtracting the equivalent noise
level that is exceeded 5% of the time period from the noise level that is exceeded 90% of the
time period. The time period needs to be determined, but can be set at 1 h.

EE = L5 − L90 (A3)

Typically, L5 will include the highest noise levels generated by the punctual drone
flyovers, while L90 correctly represents the ambient background noise level.

Certain event emergence levels can then be chosen as thresholds to be multiplied by
the number of people exposed in a certain area.

A.1.7. NO-7: Area-Based Intermittent Exposure to Noise

The intermittence ratio (IR) is different than the event emergence indicator, since it
includes the intermittent character of the punctual noise sources. It includes the ratio
between the events’ energy and the total energy (including background noise and drones).
It is calculated as follows:

IR =
100,1×Leq,T1,Events

100,1×Leq,T2,tot
× 100 (A4)

The total noise level (denominator) is calculated over a time period T2 that is, of
course, different than the event calculation time period T1. The event existence is defined
by a threshold, for instance, Leq,T2,tot + 3 dB (always relative to the total noise). All events
verifying this condition are summed and lead to the numerator of the IR equation above.

The resulting percentage indicates the ratio of intermittent and continuous sound.
For example, a few flyovers that exceed the mean background noise level by a certain

threshold for a certain amount of time will lead to a non-zero IR, while a hovering drone
over the whole considered time period will result in IR = 0%, since it is a constant.

We can then multiply the number of people exposed to certain IR percentages.
Note: It should be mentioned that PIs that involve multiplying the number of exposed

people with a duration, the number of occurrences, or even sound levels should be con-
sidered with care. They should not serve as a means of comparison between scenarios.
Sound pressure and the number of exposed people should be multiplied in a logarithmic
way. All PIs involving multiplication with the number of people are to be considered in
combination with the more classical PIs, such as NO-1 to NO-3.

A.2. Visual Pollution-Related Indicators

A.2.1. VP-1: Trajectory-Based People Exposed

VP-1 adds the population affected by a single drone operation at each discretized
time interval, excluding the people already counted in previous time intervals. A cut-off
distance for drone visibility is set based on the size of the drone, or a fixed distance.

This indicator may be used to compare different possible drone trajectories for the
same OD pair, together with the NO-1 indicator, especially for frequently used OD pairs,
which affect different “zones of interest”. The measurement mechanism consists of the
following steps:

1. Calculate the area from where the drone is visible at discretized time intervals.
2. Filter the population present in the affected area in the same interval.
3. Count the number of people seeing the drone for the first time.

A.2.2. VP-2: Trajectory-Based People Exposed by Concentration Threshold

This indicator represents the amount of people exposed to a visual pollution concen-
tration higher than a threshold for a single drone operation.
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To make different studies and visualizations, the threshold for visual pollution con-
centration needs to be configurable.

Two different methods for calculating visual pollution concentration (VPC) are proposed:

VPC = Drone Visible Area/Free Sky Visible Area (A5)

VPC = 47.76 × (Num0.65/Dist 0.67) + 1.37 (A6)

where Num is the number of UAs that can be seen and Dist is the distance from the observer
to the closest UA (equation proposed by the AiRMOUR project, [61]).

This indicator also requires the cut-off distance, as defined in VP-1, while the area
from where the drone is visible is reduced to capture only the places affected by a VPC
higher than a certain threshold.

The measurement mechanism consists of the following steps:

1. Calculate the VPC in the area from where the drone is visible at discretized time
intervals (the contours of the VPC threshold define the new affected area delimitation
for each time discretization).

2. Filter the people present in the affected area at the same interval.
3. Count the number of people who have been exposed to a VPC exceeding the de-

fined threshold.

A.2.3. VP-3: Trajectory-Based People Exposed by Temporal and Concentration Threshold

The visual pollution concentration can be calculated as proposed in VP-2: as a ratio
of a drone and free visible sky area or as proposed in the AiRMOUR project, depending
on the number of visible UAs and the distance from the observer to the closest UA. The
threshold for visual pollution concentration needs to be configurable in order to conduct
different studies and visualizations.

The indicator is defined in the same manner as in VP-2; however, the area from where
the drone is visible is reduced to capture only the places affected by a VPC higher than a
certain threshold during a time period longer than T.

The measurement mechanism consists of the following steps:

1. Calculate the VPC in the area from where the drone is visible at discretized time
intervals (contours of the VPC threshold define the new affected area delimitation for
each time discretization).

2. Filter the population present in the affected area in the same interval.
3. Count the number of people who have been exposed to a VPC exceeding the defined

threshold during a period of time exceeding the defined time period.

A.2.4. VP-4: Trajectory-Based Visual Exposure

The visual pollution concentration can be calculated in the same manner as proposed
in VP-2 and VP-3.

The trajectory-based visual exposure can be calculated as:

VP4 = ∑
i

∫ tf

t=0
peopleit·VPCi(t)dt (A7)

where i ∈ I, I is the set of all squares resulting from the spatial discretization of visual
pollution and population mapping (people), t represents the time, and tf is the final time
of study.

A.2.5. VP-5: Area-Based People Exposed

This represents the total number of people seeing a drone for a given time period
(e.g., 1 h) within a given zone.
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This indicator uses the same principles and metric as VP-1. However, it aims to
determine the visual impact of a traffic scenario over a particular area.

A.2.6. VP-6: Area-Based People Exposed by Concentration Threshold

In addition to the two proposed methods for calculating the visual pollution concentra-
tion for VP-2 and VP-3 (Equations (A5) and (A6)), VPC for this indicator can be calculated
as the number of visible drones.

The threshold for visual pollution concentration needs to be configurable in order to
conduct different studies and visualizations. This indicator uses the same principles and
metric as VP-2. However, it considers the aggregated visual pollution produced by all
drones flying at the same time.

A.2.7. VP-7: Area-Based People Exposed by Temporal and Concentration Threshold

For this indicator, the visual pollution concentration can be calculated in the same
manner as proposed in VP-6. The thresholds for visual pollution concentration and duration
of exposure need to be configurable in order to conduct different studies and visualizations.
This indicator uses the same principles and metric as VP-3. However, it considers the
aggregated visual pollution produced by all drones flying at the same time.

A.2.8. VP-8: Area-Based Visual Exposure

The visual pollution concentration can be calculated in the same manner as proposed
in VP-6 and VP-7.

The area-based visual exposure can be calculated as:

VP8 = ∑
i

∫ tf

t=0
peopleit·VPCi(t)dt (A8)

where i ∈ I, I is the set of all zones resulting from the spatial discretization of visual pollution
and population mapping (people), t represents the time, and tf is the final time of study.

This indicator uses the same principles and metric as VP-4. Nevertheless, it considers
the aggregated visual pollution produced by all drones flying at the same time.

A.2.9. VP-9: Visual Exposure Per Kilometer

Project to a 2D population grid and integrate the population density along the obtained
line. This population density may vary with time, and then the line integral should be
parametrized with time.

VP9 = ∑
n

∫ tf

t=0
pop(xn(t), t)dt (A9)

where n is the drones, xn is the parametric trajectory of drone n, and pop is the popula-
tion density.

A.3. Privacy Concern-Related Indicators

A.3.1. PC-1: Trajectory-Based Visually Annoyed People

This indicator represents the cumulative number of people estimated to be annoyed
due to visual exposure to a single flight, obtained from the number of exposed persons (VP-
1), by taking into account annoyance sensitivity values related to the land use (residential,
industrial, commercial area) in the affected zones. Similar to the existing annoyance
relationship used for noise impact, annoyance sensitivity values related to visual exposure
can be established.

The indicator is calculated by multiplying the total number of exposed persons (indi-
cator VP-1) with the specific sensitivity in the area, which is represented as the percentage
of persons annoyed [%A], or the percentage of persons highly annoyed [%HA], related to
the land use.
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Annoyance sensitivity values are taken from the DACUS project, with the assumption
that all drones have a camera (usually people have no information about drone equipment,
and it is much more likely that people will always expect a drone to have a camera), as
presented in Table A1. Different equipment of drones, e.g., with or without a camera, and
the purpose of the drone flight will probably play a significant role in people’s perception.
However, this requires further analysis.

Table A1. Annoyance sensitivity values [24].

Type of Area %A %HA

Commercial 30 20
Industrial 60 40

Residential 80 60

As with VP-1, this can be calculated for the whole trajectory (origin → destination),
representing the total number of people annoyed in all affected zones, or for the “zones of
interest”, representing the total number of people annoyed in the selected zones.

A.3.2. PC-2: Trajectory-Based People Exposed to Hovering Drones

This indicator represents the total number of people visually exposed at least once to a
single drone operation during its hovering phases at a distance of less than a certain threshold.

The population affected by a single drone operation will be calculated the same way
as for the VP-1 indicator and filtered for visual exposure to hovering drone(s) at a distance
not larger than a predefined threshold.

A.3.3. PC-3: Area-Based Visually Annoyed People

This indicator represents the total number of people annoyed due to visual exposure
for a given time period (e.g., 1 h) within a given zone, obtained from the number of exposed
persons (VP-5), by taking into account annoyance sensitivity values in the affected zones
(same as for PC-1).

The indicator is calculated by multiplying the total number of persons exposed to UAs
within an area in a period t (indicator VP-5) with the annoyance sensitivity values for the
given area, related to the land use.

A.3.4. PC-4: Area-Based People Exposed to Hovering Drones

This indicator represents the total number of people visually exposed at least once to
UAs hovering at a distance of less than a predefined threshold within an area during the
observed time period.

The population present in the affected area in the given discretized time interval will
be calculated likewise for the VP-5 indicator, filtered for visual exposure to a hovering
drone at a distance not larger than a predefined threshold.

A.3.5. PC-5: Area-Based Duration of Different Visual Exposure to Hovering Drones

This indicator represents the accumulated visual exposure to hovering drones in a
given area for a given amount of time. It considers the duration of time that a different
number of instantaneously hovering drones (within the zone) is visible by a certain number
of persons, multiplied by the given number of drones and multiplied by the number
of people exposed to that number of visible hovering drones with the given exposure
duration for all (combination of) numbers of persons exposed for a certain time period to n
instantaneously visible hovering drones and for all numbers of instantaneously hovering
drones within the given area during the observed time period (e.g., 1 h).

PC5 = ∑
i

∫ tf

t=0
peopleit·ni(t)dt (A10)
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where i ∈ I, I is the set of all zones resulting from the spatial discretization of visual pollution
and population mapping (people), t represents the time, tf is the final time of study, and n is
the number of instantaneously visible hovering drones.

A.4. Access and Equity-Related Indicators

A.4.1. AE-1: Deliveries of Goods to Areas with Limited or No Transport Connections

This indicator represents the number of deliveries of goods and equipment to areas
with limited or no transport connections. The areas with limited or no transport connections
are defined using GIS tools and transport networks.

A.4.2. AE-2: Reduced Travel Time for Healthcare-Related Deliveries

This indicator can be used to measure the amount of time reduced for healthcare-
related deliveries by UAs compared to delivery by road transport. Drones can be used
for the transportation of various medications, blood samples, or even organs between
two hospitals. Furthermore, they can be used to efficiently transport medical supplies to
persons living in rural places as well as those afflicted by natural disasters or catastrophes.

This indicator is calculated by subtracting the time required for healthcare-related
delivery by a drone from the amount of time required for the same delivery using a road
transport vehicle (i.e., an ambulance).

A.4.3. AE-3: Deviation of Noise Exposure from Mean Value

This indicator represents how much noise exposure within an area deviates from the
mean value for all areas. Noise exposure can be measured by any of the proposed indicators
within the noise focus area. The deviation of noise exposure from the mean value can be
represented as:

Absolute difference from the mean value (the unit is the same as for the selected
noise indicator);

Relative difference from the mean value (the unit is the percentage);
The number of standard deviations σ (the unit is the same as for the correspond-

ing indicator):

σ =

√
1
n

n

∑
i=1

(xi − x)2 (A11)

A low standard deviation indicates that the pollution tends to be clustered closely
around the mean value of all zones (indicating equity among the exposed population),
while a high standard deviation indicates that the pollution is spread far from the mean.
The standard deviation is expressed in the same unit as the indicator it represents.

A.4.4. AE-4: Deviation of Visual Pollution Exposure from Mean Value

This indicator has the same measurement mechanism as previously described for
AE-3, except that instead of noise exposure, the deviation of visual pollution exposure
from the mean value can be measured by any of the proposed indicators within the visual
pollution focus area.

A.5. Emissions-Related Indicators

A.5.1. EM-1: Actual Average CO2 Emission Per Flight

This indicator is calculated as the total amount of fuel burned by the given num-
ber of flights, multiplied by the CO2 emission index (CO2 emitted per kg of fuel used,
e.g., conventional or sustainable fuel) and divided by the number of flights [37].

As with fossil or sustainable fuels, the emissions to be considered for electric drones
are well-to-wheel and can vary considerably depending on the sustainability of the electric-
ity used.
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For electric drones, the value of this indicator is calculated based on the types of drones
(battery energy used for flights) and on the existing energy mix of the country where UAs
operate, i.e., as follows:

EM1 = Battery energy · CI/Number of flights (A12)

where CI is the carbon intensity, i.e., kg of CO2 emissions released to produce a kWh of
electricity, according to the energy mix of the country where UAs operate.

For example, for a flight using 25 Kwh of electricity produced in France [37]:

CO2 emissions = 25 Kwh · 0.0573 kgCO2/Kwh = 1.4 kg CO2

A.5.2. EM-2: Trajectory-Based Energy Consumption

This indicator is calculated as the amount of energy consumed by a single drone
operation (based on the type of UA and trajectory).

A.5.3. EM-3: Trajectory-Based CO2-eq Emissions

This indicator represents the amount of CO2-eq emitted by a single drone operation.
It is calculated based on the type of drone (battery energy), trajectory or duration of

flight, and is based on the existing energy mix of the country where UAs operate:

EM3 = (Battery energy/UA range) · CI · Flight distance (A13)

or
EM3 = Battery energy · CI · Duration of flight (A14)

where CI is the carbon intensity, i.e., kg of CO2-eq emissions released to produce a kWh of
electricity, according to the energy mix of the country where UAs operate.

A.5.4. EM-4: Area-Based CO2-eq Emissions

This indicator represents the amount of CO2-eq emitted by UAs within an area during
the observed time period, based on the type of UA (battery energy), the trajectory or
duration of flight, and based on the existing energy mix of the country where UAs operate.

A.5.5. EM-5: Area-Based CO2-eq Emissions Decrease

The decrease in CO2-eq emitted for the observed deliveries with the introduction of
UAs (compared to road traffic delivery) within an area during the observed time period.
This represents the difference between the total amount of CO2-eq emitted by cars (for the
road trajectory depending on OD) that could be replaced by drones and the total amount of
CO2-eq drone emissions for the given deliveries. The number of cars replaced by UAs for
the traffic scenario (day) can be calculated as the number of drone operations during the
observed time period (day) divided by the number of deliveries per car (assumed value).
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