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Executive Summary

As a fundamental pillar of global socio-economic growth, the aviation industry has asserted itself as
a key instrument for the improvement of quality of life for people across the world. Aviation facil-
itates trade, generates economic growth, and helps alleviate poverty, all while providing the social
inter-connectivity offered by enabling tourism and exchange of culture. However, these bene�ts
come at a cost: aircraft air and noise pollution negatively impact the well-being of near-airport
communities, with local residents experiencing an increased risk of respiratory and cardiovascu-
lar diseases. To help mitigate the impact of airports on their local community, policy makers re-
quire comprehensive models of aviation based pollution. While models for the spread of both noise
and emission concentrations exist and are used, these are often either classi�ed, inaccurate, or not
available for all airports; thus, there is a need for a measurement system which can be deployed
anywhere to provide accurate measurements available to anyone. With the objective of improving
current understanding of aviation pollution, the following mission need statement was established:

Mission Need Statement
"The distribution of individual aircraft events' noise and air pollution concentrations from aircraft
paths to near airport communities is not suf�ciently understood."

The Autonomous Lab for Environmental Computation (ALEC) is a heterogeneous system designed
to track aircraft-based pollution by deploying a network of emission drones, noise drones, ground
level sensors, and a central ground station. The system can be split into the runway and the near-
airport community components. The runway components consist of four emission measuring
drones and two drones specialised in noise measurements. The drones are employed at airport
runways to accurately map aircraft events during the landing and-take off phase. Additionally, 40
ground level sensors will be located in neighbouring communities impacted by aircraft operations,
where the noise experienced by local residents will be accurately tracked using microphones. ALEC
is rounded off by a ground station responsible for facilitating the operation of the �ying compo-
nents. The ALEC ground station is capable of sending commands to the drones, providing plat-
forms for safe landing and take-off operations, charging of drone batteries, providing processing
power and communicating with air traf�c control. Overall, ALEC has two main objectives which are
summarised by the project objective statement:

Project Objective Statement
"To accurately measure noise and air pollution to calculate a metric for tracking the environmental
impact of aviation on near-airport communities."

The �rst goal is to provide a total environmental metric which can be used to attribute, in near-real
time, the environmental impact a speci�c aircraft event has on the local community. The goal of the
metric is to analyse the total amount of air pollutants and noise emitted by a speci�c aircraft during
its operation, to obtain a way to quantify its impacts compared to the average aircraft event. In
the short term, this metric can help local residents and airport operators by providing a simpli�ed
view on the aircraft types which are more harmful to near-airport communities. This is done by
employing a machine learning technique based on Gaussian Processes Regression and Bayesian
Optimisation, which helps develop a preliminary model of the distribution of pollutants based on
a speci�c aircraft event, while also determining the optimal location to place the sensors. Models
for the emission and noise have been developed and used to verify the feasibility of approach, and
the results showed promise for future developments. A visualisation on the performance of the
algorithm for a simple pollution model is shown in Figure 1, where on the left side the concentration
of a pollutant modelled using an emissions model is plotted, while on the right the functions �tted

ii



iii

using the modelling algorithm with a different number of samples is shown. Moreover, the sampling
locations chosen by the algorithm are highlighted in red in the �gures.

Figure 1: Model improvement by intelligently selecting sample location using Gaussian Processes with Bayesian
Optimisation for the 2D model of normalised concentrations of a pollutant in a 2D Gaussian Plume with the sampling

locations highlighted, for n Æ9 and n Æ21 samples

The second goal is focused on the long term aggregation of measured data, for the use of scientists
and policy makers to develop a more sophisticated understanding of the sources and impacts of
aviation based pollution. A critical design component of ALEC is that all collected data could be
made open-source if desired by the client, such that the environmental footprint of different aircraft
can be transparently estimated by anyone. It is planned that the databases can be accessed through
a website, allowing visitors to access both the raw database for research purposes, as well as to
view the total environmental footprint metric of a single aircraft event landing or taking-off from a
certain runway, similarly with Figure 5. This availability of the raw data to the public is an option
which can be enabled or disabled by the customer. As the database is expanded, it is planned to add
the option to assess the effect of a certain aircraft type or compare certain airliners. An additional
objective of ALEC is to serve as a noise and emissions mapping to service airports in assessing their
own environmental impact.

A rendering of an emissions drone is shown in Figure 2. The drone is a quad-copter with a chopped
carbon �bre reinforced polymer structure and equipped with seven sensors capable of measuring
different gases, integrated through a sensor air�ow system capable of providing the necessary �ow
conditions for the measurements. Furthermore, the system includes two cameras which are used
for the autonomous collision avoidance and autonomous take-off and landing of the �ying vehicle.
The drone has a hover time of 25 minutes, which means that during mission operations only three
will be carrying out measurements at any time, with one drone returning to the ground station to
recharge. During an aircraft event each emission drone will hover around a selected location and
height such that it is able to attribute its measurements to a speci�c space in the airport, which
is then used to estimate the total amount of air pollutants emitted by the aircraft engines during
take-off and landing. These measurements are then stored and used for the calculation of the total
environmental metric.

The noise drone is designed to take acoustic measurements at an airport, requiring it to capture
noise at higher frequencies than the ground level sensors. Its rendering is shown in Figure 3. Fur-
thermore, a high degree of �exibility in operation is achieved by relocating the microphone to dif-
ferent measuring locations due to use of a quad-copter: at the beginning of each operational day,
the system will select an ideal location for the �ying vehicle, where it will then land and measure
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Figure 2: Render of ALEC's emission
drone subsystem

Figure 3: Render of ALEC's noise drone
subsystem

Figure 4: Render of ALEC's ground
level sensors

until it has to return to the ground station. This allows the system to completely focus on the noise
of speci�c aircraft events as the measurements are not affected by the ego-noise of the propellers.
In addition to two cameras incorporated for autonomous �ight, the drone includes a daisy shaped
plate to reduce the distortion due to the ground effect as experienced by the microphone. The data
collected by the noise drones is used for calculating the total environmental metric, and it is im-
portant for estimating the thrust levels of each aircraft which is valuable for predicting the total air
pollutants emitted. As the measurements are distinctly accurate and include higher frequencies,
which are otherwise attenuated over large distances, the collected information is invaluable for re-
searchers interested in aviation-based noise.

Figure 5: Example of data displayed on the website, including scores awarded on the noise and emissions impact

The development of technology over the past decades has seen monitoring networks stray away
from expensive, professional equipment and towards low-cost sensor units that are easily deploy-
able. As current noise models are insuf�cient at predicting the true impact of aviation on local
communities, the ground level sensors of the ALEC system will be placed across affected areas to
help develop a better understanding of the true impact of aircraft noise at a local level. Project
ALEC builds upon the pioneering work performed by eco-acoustic projects and uses a system that
has been proven in the harsh climates of Borneo and in the bustling metropolis of central London.
Containing a �exible and robust audio sensing system, the ground level sensors are capable of be-
ing deployed in a multitude of locations, such as on buildings and on street lamps. Its con�guration
consists of a solar panel which acts as independent energy source, a microphone, and an electronics
con�guration capable of storing, processing, and transmitting audio data - an indicative rendering
can be seen in Figure 4. The ground level sensors are capable of transmitting full, uncompressed
spectral data, with the obtained measurements being used within the total environmental metric to
estimate the noise associated with an aircraft event experienced by local communities.

Ground level operations are complemented by the use of a ground station responsible for determin-
ing the measurement location of the drone. Through the use of ADS-B data in combination with the
acquisition function of the algorithm, the ground station is capable of calculating the optimal loca-
tion to infer information of a certain aircraft event. In addition, for safety, the ground station can
command any of the drones to land or to return to the base during emergencies. Additionally, the
ground station provides a landing pad for the drones to take-off and land, and a means to swap and
recharge the batteries of the drones when electric charge needs to be replenished.

In total, ALEC's hardware costs of emission drones, noise drones, ground level sensors, and ground
station are estimated to cost " 22,500. The hardware cost is part of the one-time cost which includes
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manufacturing costs ( " 31,000), development costs (" 750,000), drones certi�cation costs ( " 15,200),
and the acquisition of two vans ( " 117,500). The total one-time cost is about " 1,035,500. Further-
more, the total monthly operational cost is " 19,350 which includes installation cost ( " 4,000), em-
ployees (" 8,100), Transportation Cost ( " 2,200), and miscellaneous cost ( " 5,050). Miscellaneous cost
consist of manufacturing, power, data transmission, and insurance/certi�cation costs. These costs
will be covered by providing a noise and emissions environmental mapping to airports and/or local
authorities, as ALEC is the only available system capable of offering complete aircraft-based noise
and emissions mapping services for near-airport communities. The subscription cost for ALEC will
be a monthly cost of " 39,995. This will result in a break-even point of maximum three years in the
case when one system is operating at a time.

Operations of the system have been designed such that the system is fully operational by only
two operators. The system only needs two operators because an autonomous take-off, collision
avoidance, sampling, and landing system reduces the need of speci�cally controlling the individ-
ual drones; allowing the user to actively manage near-runway operations as a whole. Additionally,
near-runway operations can be set up in less than an hour and require two vans for moving the
components.

An essential aspect of the design process is ensuring the sustainability of the designed system. As
an instrument employed to realise sustainable development and help people affected by aviation
noise and emissions, the system has been created while considering its own impact on the environ-
ment. ALEC has been developed to produce no harmful emissions during its operation and to be
as sustainable as possible. To achieve sustainable design a sustainable development strategy was
used in the design process. The main objectives of this strategy were; 'Choosing low-impact ma-
terials', 'Minimising amount of materials used', 'Sustainable production and manufacturing', 'Op-
timising operations and logistics', 'Minimising impact during operation', 'Optimising the lifetime
of the product', and 'Optimising the end of life plan'. The strategy was used to include sustain-
ability in the trade-off for the main concepts and in the design of the mission con�guration. The
mission was designed in a way that no drones have to �y over communities, as to remove the po-
tential nuisance caused by drone noise to the people the system is meant to help. In the detailed
design phase the strategy was used to make proper decisions on components and designs. This
has resulted in the system consisting of 89 % recyclable components. The main materials used
for the drones, apart from the batteries, are chopped carbon �bre reinforced nylon, high-density
polyethylene, and carbon �bre sandwich sheets. The chopped carbon �bre reinforced nylon and
high-density polyethylene are fully recyclable and have a very small negative impact on environ-
mental, social, and economic sustainability, and the batteries can be recycled as well. The carbon
footprint of the operation of the system is 2,44 kg of CO 2 per day and an end-of-life plan was made
to ensure recyclable materials and components will be recycled.

To conclude, the ultimate goal of ALEC is to contribute to reducing the impact of aviation on near-
airport communities. This has been done by designing a system which provides information on
the impact of aircraft events using an environmental footprint metric for each aircraft event while
also allowing researchers to access the raw data as measured by the various measuring systems.
However, the design of the system is not �nished after this phase. Further research should focus on
improving the environmental footprint metric, the sensor payload of the emissions drone, imple-
menting the software for the sampling and modelling algorithm, and the structure of the drone.
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1
Introduction

Aviation, as an industry, provides signi�cant socio-economic bene�ts and is fundamental to the de-
velopment of the modern world 1. However, the way the world is currently powering aircraft comes
at a unsustainable cost: aviation is a heavily polluting industry and contributes to approximately
3.5 % of the total anthropogenic effective radiative forcing for 2018 [1]. Additionally, communities
living in close proximity to airports are disproportionately affected by the negative health effects re-
lated to pollution from aviation. The noise and emissions created by aircraft can have detrimental
effects on human health, with approximately 16,000 people dying prematurely every year due to air-
craft emissions [2]. Furthermore, prolonged exposure to noise and emissions from aircraft has been
associated with multiple negative health effects such as an increased risk of respiratory diseases [3]
and cardiovascular diseases [4]. To ensure a sustainable future growth for this sector, signi�cant
efforts have to be put into mitigating its negative effects, such as the noise and emission pollution,
both by the scienti�c community as well as authorities.

A thorough understanding of these effects represents the �rst step in the long-term promotion of
sustainable growth within the aviation industry. Currently, there is a lack of accurate data necessary
for the development of accurate models. The current project represents the contribution to this
goal by ten Aerospace Engineering students who, for their Design Synthesis Exercise, have designed
a complex system able to create an accurate map of emissions and noise data near airports, with
the �nal goal of reducing the negative effects that near-airport communities disproportionately ex-
perience from aviation.

The project is structured in four phases, the current report presents the work of phase IV, during
which a detailed design of the system is presented, along with some guidelines concerning the fu-
ture development of the project. The description of the system as a whole and the mission pro�le &
logistics are presented in Chapter 2. The main goal of the project is to provide a total environmental
footprint metric, the details of its calculations of this metric from the various measured quantities
are the subject of Chapter 3.

Furthermore, the detailed design for each subsystem of ALEC is presented in the subsequent chap-
ters: Chapter 4 elaborates on the emission drone and its various components, while Chapter 5 is
concerned with the noise drone's design. Chapter 6 presents the propulsion subsystem, which is
identical for both drones and thus afforded its own chapter. The ground station design can be found
in Chapter 7, Chapter 8 describes the ground level sensors. The theory of the algorithm developed
for model generation, as well as some results, are described in detail in Chapter 9. Afterwards, the
report is concerned with describing the overall system, such as the manufacturing, assembly, and
integration plan (MAI) which is presented in Chapter 10, and the veri�cation & validation proce-
dures which are found in Chapter 11. Furthermore, the �nancial aspects of the project are covered
in Chapter 12. Chapter 13 provides information on the risks associated with design. The report
concludes with a sustainability analysis, in Chapter 14, a design and development logic analysis in
Chapter 15, and conclusions and recommendations in Chapter 16.

1https://www.atag.org/our-activities/social-and-economic-bene�ts-of-aviation.html#:~:text=It%20facilitates%
20tourism%2C%20trade%2C%20connectivity,development%20of%20the%20modern%20world. [Cited 11-06-2022]
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2
Conceptual Design

The conceptual design phase takes place before the �nal design phase of the project. This phase
involves designing a mission and a system which could optimally comply with and achieve the user
requirements and desires, and is summarised in this chapter in order to provide the required con-
text for the remainder of the report.
Section 2.1 covers the overall objective of this project and the purpose of this project. Then, Sec-
tion 2.2 presents the mission and system which is designed in detail in this report. After this, the
operation of the system is documented in Section 2.3. Finally, the trade-off used to select the best
concept for the �ying vehicle component of the mission is summarised in Section 2.4.

2.1. Project Objectives
The impact of aviation on society is signi�cant, as discussed in Chapter 1. The quantifying the
impact is not an easy task as there is not publicly available data about the noise and emissions
related to aviation, leading to the mission need statement:

"The distribution of individual aircraft events' noise and air pollution concentrations from aircraft
paths to near airport communities is not suf�ciently understood."

The following objective of the project is de�ned as to address the mission need statement:

"To accurately measure noise and air pollution to calculate a metric for tracking the environmental
impact of aviation on near-airport communities."

That is, to address the aforementioned problems, an understanding of them must �rst be devel-
oped. Decision makers such as regulatory bodies, governments, and corporations, can not make
optimal decisions if the necessary data to thoroughly assess the problem is not available. Having
access to accurate data on the impact of individual aircraft the decision makers can create speci�c,
localised, and effective methodologies to alleviate these issues.
For example, Schiphol airport actively manages their runway usage based on weather conditions as
to reduce noise nuisance, and several departure routes are promoted to reduce the total amount of
time an aircraft spends over inhabited areas. In addition, noisier and more polluting aircraft have
to pay higher fees for operating at Schiphol 1. However, not all airports are capable of tracking the
pollution generated by individual aircraft event. ALEC has been designed to provide airport stake-
holders the necessary data about speci�c aircraft operations to identify the most effective strategies
for the promotion and advancement of sustainable aviation. This system has been designed to be
versatile enough to be applied to any airport or region and only requires suf�cient access to the air-
port and communities which have to be mapped. Depending on the customer who commissions
the mission to determine the environmental metric, there is an option to make the environmental
metric and raw data available to the public.

2.2. Measurement Philosophy
Based on the demand of the client who commissioned the design of this system, a list of user re-
quirements is compiled: the starting point for the conceptual design phase. The requirements are
presented in Table 2.1. Along with the requirements, the compliance matrix indicating whether

1https://www.schiphol.nl/en/schiphol-as-a-neighbour/page/noise-and-runway-combinations/[20 June 2022]
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the �nal design meets the requirement is provided in parts with the relevant sections of the report
which document the compliance. A indicates that the requirement has been met, » indicates
partial compliance and £ shows that the requirement has not been met. Furthermore, key require-
ments are shown using the indicator require ment (key) .

Table 2.1: User requirements and compliance

Requirement ID Requirement Compliance Comments

ALEC-UR-PERF-01
The monitoring system shall have an
operational set-up time shorter than an hour.

Presented in
Chapter 7

ALEC-UR-PERF-02
The monitoring system shall produce
individual noise metrics.

Presented in
Chapter 3

ALEC-UR-PERF-03
The monitoring system shall produce
individual emission metrics.

Presented in
Chapter 3

ALEC-UR-PERF-04 (key)
The monitoring system shall produce
a total environmental metric near airports.

Presented in
Chapter 3

ALEC-UR-PERF-05
The monitoring system shall display
background noise levels.

Presented in
Chapter 8

ALEC-UR-PERF-06
The monitoring system shall display
aviation attributable metrics.

Presented in
Chapter 3

ALEC-UR-PERF-07
The monitoring system shall be able to store
and/or transmit one day's worth of measurement.

Presented in
Chapter 4, Chapter 5,
and Chapter 8

ALEC-UR-SAR-01
The monitoring system shall be able to operate
at wind conditions up to and including Beaufort 4.

Presented in
Chapter 4,
and Chapter 5

ALEC-UR-SAR-02 (key)
The monitoring system shall not intervene
with aircraft operations.

Presented in
Chapter 4,
and Chapter 5

ALEC-UR-SAR-03
The monitoring system shall be capable of
operating under dry weather conditions.

Presented in
Chapter 4,
and Chapter 5

ALEC-UR-SUST-01 (key)
The monitoring system shall consist of at least
70% recyclable or re-processable system parts.

Presented in
Chapter 14

ALEC-UR-SUST-02
The operations of the monitoring system shall
be emission-free.

Presented in
Chapter 6

ALEC-UR-SUST-03
The monitoring system shall make as less noise
as possible.

Presented in
Chapter 8

ALEC-UR-DIMS-01
The monitoring system shall have a maximum
length of 2 meters in all directions.

Presented in
Chapter 4,
and Chapter 5

ALEC-UR-COST-01 (key)
The monitoring system shall have a hardware cost less than
25000 Euro (2022) excluding VAT.

Presented in
Chapter 12

ALEC-UR-AUT-01 (key)
The monitoring system shall be as autonomous
as possible.

Presented in
Chapter 9

To ful�ll the project objective, the ALEC system will measure noise and air pollution caused by spe-
ci�c aircraft events. A suitable measurement system must be designed to achieve this goal. The aim
of the system is to quantify the effect of single aviation events in their entirety on the community.
The process of devising a measurement philosophy to achieve this is documented in the midterm
report [5]. In summary, four subsystems are deemed to be necessary to optimally meet the require-
ments of the system and the desires of the customer, namely emission drones, noise drones, ground
level sensors and a ground station.

The emission drones have to capture data which allows for the total mass of the relevant polluting
species emitted during an LTO operation to be modelled as accurately as possible. These drones will
operate next to the runway to allow for the slow and unpredictably diffusing emissions to be directly
captured. The noise drones will also operate in vicinity of the runway in order to provide accurate
and high quality data on the noise produced by the aircraft during the LTO operation.

The �rst two subsystems aid in capturing measurements used to produce the desired metrics near
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the runway, but the objective of the project is to map the entire effect of an aviation event on the
community. For this, the aircraft's pollution must be tracked for a larger portion of the �ight than
just the LTO phase. However, for emissions this is deemed infeasible due to the aforementioned
characteristics of emissions. With noise, it is more realistic to capture the pollution of the aircraft
beyond the LTO phases. This is where the GLS kits come into effect, as they are deployed in com-
munities to directly measure the noise produced by an aircraft at larger distances from the airport.
The �nal subsystem is the ground station (GS), which is responsible for facilitating the operation of
the drones at the airport and providing an interface for the operator to view the data collected and
control the operation.

Selecting the number of components within the system is a result of a trade off between cost, per-
formance, and operational risk between the various sub-systems. A priority within the selection is
maximising the number of GLS, due to the wide coverage area required. This leads to a bottleneck
within the duration of the mission which is that the number of emission drones employed within
the system would have been considerably lower than the total noise sensors, such as noise drones
and GLS. First, an operational analysis of the emission drones is conducted to show that the maxi-
mum number of emission drones which could be employed within the system is four as operators
need to manually swap the batteries. Next, a mission duration analysis is conducted in Chapter 9 to
show that maximising the number of drones helps reduce mission duration leading to four emission
drones being selected. Next, a trade-off between the number of noise drones and GLS is undertaken:
as a goal of the ALEC system is measuring the noise experienced by near-airport communities, the
minimum number of noise drones employable in the system selected is two. The noise drones are
needed to measure aircraft noise near airports and are used to estimate the total thrust generated
during aircraft events, which means that only two components are required for redundancy. After
considering the cost of the ground station, the remainder of the budget is allocated to the remaining
40 GLS.

The subsystems are capable of sending the data which is collected in real time to an FTP server
through the internet. The GS is then able to download and present this data to the operator if de-
sired. A total environmental metric must be derived to quantify the effect of a single aircraft event
on near-airports communities. The derivation of this metric is discussed in Chapter 3. As the sys-
tem is based on uploading data to an internet FTP server, this metric can be easily accessed by any
interested party through a website interface. Besides the metric, the raw data used to construct this
metric can also be downloaded through the website if this option is enabled by the customer.

2.3. System Operations and Logistics
The system is applicable to any airport and is delivered as a service not meant to be permanently
installed. The system is thus deployed to a speci�c airport and the surrounding community tem-
porarily. A single mission is de�ned as all operations required to generate the environmental metric
for �ight events originating or departing from a single runway in a single direction. In order to do
so, GLS kits are distributed along the relevant approach or departure paths of the chosen runway
direction. These temporary kits will be distributed and left in their location for a duration a month
or more. The mission starts when the kits are deployed and ends when they are picked up again.
This is the mission on the larger time scale. The deployment of the GLS kits takes 3-5 working days.
Once the GLS kits have been installed, the segment of the mission involving drones can commence.
The operation of the drones is performed on a day-to-day scale. Every day, the operators transport
the drones and ground station to the airport and operate at the speci�c runway for a working day of
eight hours. At the end of the day, the operators pack up the drones and ground station and return
to their home base. As a note, two operators are required to operate the system, both in the GLS
deployment phase and the day-today operations.
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Each subsystem's speci�c operations and mission is further elaborated on in their respective chap-
ters. The mission requirements are derived from the description of the mission and are included in
Table 2.2 below. An overview of how the subsystems communicate with each other is provided in
Figure 2.1.

Figure 2.1: Global communications diagram of ALEC system

Table 2.2: Mission requirements and constraints

Requirement ID Requirement Compliance Comments Veri�cation

ALEC-MR-01
The system shall be able to attribute
a measurement to a location within a
volume of 5 m 3

Presented in Chapter 4,
and Chapter 5

Test - show
accuracy in
test conditions

ALEC-MR-03 (key)
The system shall not hinder the operation of
any taxiing, taking-off, or landing aircraft.

Presented in Chapter 4,
and Chapter 5

Analysis - review
mission operations

ALEC-MR-04
The system shall be able to store an
operational days worth of data.

Presented in Chapter 4,
Chapter 5,
and Chapter 8

Demonstrate- verify
under test conditions

ALEC-MR-05 (key)
The system hardware shall cost less than
25000 Euro (2022) excluding VAT.

Presented in Chapter 12
Analysis - add cost
of system components

ALEC-MR-06
The system shall consist of at least 70%
recyclable or re-processable parts.

Presented in Chapter 14
Analysis - conduct
sustainability analysis

ALEC-MR-07
The system shall be operable in wind
speeds up to 7.9 m/s.

Presented in Chapter 4
and Chapter 6

Test - test in
windtunnel

ALEC-MR-08 (key)
The system shall derive the total
environmental footprint.

Presented in
Chapter 3

Test - show accuracy of
metric in test conditions

ALEC-MR-09
The system shall not use radio frequencies
which are used by airport operations.

Presented in Chapter 4
Analysis - review
mission operations

ALEC-MR-10
The system and ground station shall be
transportable in a volume of 2.1x1.7x1.4m.

»
Partially covered
in Chapter 4, but
requires further analysis

Demonstrate - show
packing scheme

ALEC-MR-11
The system shall operate below 100 meters
from the ground

Presented in Chapter 4
Analysis - review
mission operations

ALEC-MS-12
The system shall not operate within 20
meters of airplane �ight paths.

Presented in Chapter 4
Analysis - review
mission operations

2.4. Trade-Off Flying Vehicle
One of the steps taken in the conceptual design phase is to decide on the optimal �ying vehicle to
serve as the platform for the emission and noise measurement subsystems. This section presents a
summary of the trade-off performed. The full trade-off is presented in the midterm report [5].

Two main trade-offs are performed for the type of �ying vehicle: one trade-off for the vehicle mea-
suring emissions and one for the vehicle measuring noise near the runway, respectively. Separate
trade-offs for the emissions and noise vehicles are performed as they have different missions and
therefore could score differently on certain criteria in the trade-off table. After analysing the pos-
sible solutions in phase II of the project, three feasible options are selected. These are a dirigible
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balloon, �xed wing eVTOL (electric vertical take-off and landing), and an N-copter. The dirigi-
ble balloon consists of an in�atable container �lled with a lighter-than-air gas to provide lift. To
this container the components required for its mission are attached, such as the measuring instru-
ments, the propulsion system, and the �ight controller, among others. The �xed wing eVTOL is a
combination of a �xed wing aircraft and an N-copter. It has a conventional �xed wing to provide
lift during horizontal �ight. Propellers are placed both vertically and horizontally. The vertically
placed propellers provide thrust during horizontal �ight, whereas the propellers in horizontal po-
sition generate the lift required during hovering. The N-copter is a drone equipped with multiple
propellers in horizontal direction such that it can hover and �y horizontally. All the lift required to
keep it in the air is provided by these propellers, also during horizontal �ight.

The trade-offs are performed using trade-off tables. The scoring system of the trade-off is provided
in Table 2.3. Furthermore, each criteria is assigned a weight. The weighting is based on the impor-
tance that criteria have for the design of the system.

Table 2.3: Scoring system for the trade-off [5]

Concept Criterion
1 Excellent (Green)
2 Good (Blue)
3 Correctable De�ciencies (Orange)
4 Unacceptable (Red)
Weighting Factor 1-5

The main trade-off tables for the emission measuring vehicle and noise measuring vehicle can be
found in Table 2.4 and Table 2.5 respectively [5]. Sub-trade-offs are performed for various trade-
off criteria too. For example, the values for the control, autonomy, and stability (CA&S) criteria are
obtained by performing a trade-off with the criteria controllability, stability, and mission autonomy.
The sub-trade-offs can be found in the midterm report [5].

Table 2.4: Main trade-off table emissions vehicle [5]

Concepts Suitability Sustainability Complexity CA & S RAMS
Flight Per-
formance

Total
score

Dirgible bal-
loon

2.0 (Orange) 2.8 (Blue) 2.5 (Blue)
2.2 (Or-
ange)

3.0 (Blue) 2.3 (Orange) 2.4

Fixed Wing
eVTOL

2.0 (Orange) 2.4 (Orange) 2.0 (Orange) 3.3 (Blue) 2.8 (Blue) 3.0 (Blue) 2.5

N-copter 3.0 (Blue) 2.8 (Blue) 3.0 (Blue) 3.7 (Green) 2.7 (Blue) 2.5 (Blue) 2.9
Weights 5 5 5 4 3 4

Table 2.5: Main trade-off table noise vehicle [5]

Concepts Suitability Sustainability Complexity CA & S RAMS
Flight Per-
formance

Total
score

Dirgible bal-
loon

2.0 (Orange) 2.8 (Blue) 2.5 (Blue)
2.2 (Or-
ange)

3.0 (Blue) 2.3 (Orange) 2.4

Fixed Wing
eVTOL

1.0 (Red) 2.4 (Orange) 2.0 (Orange) 3.3 (Blue) 2.8 (Blue) 3.0 (Blue) 2.3

N-copter 4.0 (Green) 2.8 (Blue) 3.0 (Blue) 3.7 (Green) 2.7 (Blue) 2.5 (Blue) 3.1
Weights 5 5 5 4 3 4

As one can conclude from Table 2.4 and Table 2.5, the N-copter turned out to be the best option for
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both the vehicle measuring noise and the vehicle measuring emissions. The main bene�ts of the
N-copter compared to the �xed wing eVTOL and dirigible balloon are its good control, autonomy
and stability. Furthermore, the N-copter has a high score for suitability for the noise vehicle as the
N-copter is very reliable in vertical landing and take-off, which is an important requirement for the
noise vehicle. Contrary, the dirigible balloon is susceptible to being displaced by strong winds when
stationary on the ground performing measurements and the �xed wing eVTOL is unstable during
the transition between vertical and horizontal �ight (and vice versa).
A sensitivity analysis is performed to analyse what the effect would be when changing a certain score
on the �nal outcome. It served as a measure to check the robustness of the decision a N-copter for
the noise and emissions vehicles. Two types of methods for the sensitivity analyses are used, namely
the 'One At a Time" (OAT) and 'Monte Carlo' methods. The outcomes of the sensitivity analyses
using the Monte Carlo method proved that the trade-off is robust and only 5% of the experiments
would output different results when allowing changes up to 2 standard deviations. Moreover, for
more realistic values of the standard deviation, the experiments are consistently more robust.



3
Total Environmental Footprint Metric

The environmental footprint metric is de�ned as a measure for the impact of a single aircraft event
on the near-airport communities. This metric is one of the outputs of the ALEC system. This chapter
�rst discusses how the environmental footprint metric is calculated in Section 3.1. Thereafter, the
weights of noise and emissions within the equation for the environmental footprint are discussed
in Section 3.2. The weights for the speci�c emission species are analysed in Section 3.3. Section 3.4
discusses how the data from the total environmental footprint is presented. Finally, recommenda-
tions for future development are discussed in Section 3.5.

3.1. Calculation of Environmental Footprint
The goal of a total environmental metric is to derive an estimate of the impact of a speci�c aircraft
event on the nearby community. The goal is to obtain a score capable of incorporating both the air
and noise pollution within this metric to allow the direct comparison of the environmental metric
of different aircraft events. The standard environmental footprint is calculated using Equation 3.1
solely based on estimates of aviation emissions, but there will be several options which can be used
to compare the score with respect to further metrics, such as population and the number of passen-
gers in the aircraft. The additional options are discussed in Section 3.4.

E Æw1
L

L̃
Å w2

NX

i Æ1

u i Ci

C̃i
, (3.1)

where E is the total environmental footprint metric. E represents the impact of a certain aircraft
event relative to the median of aircraft events better, where the lower this value is, the smaller the
impact of a certain aircraft event was on the near-airport communities. L is the noise level created
by the aircraft, as experienced by people on the ground. Ci is the parameter that represents an esti-
mate of the total emissions of a a speci�c emission species i during an aircraft event. The noise level
and emissions values are normalized using the median pollution measured at a certain airport. The
median values, L̃ and C̃i , are used as it reduces the impact of outliers compared to when the mean
were to be used. That means that in the beginning the footprint metric will be less indicative of the
relative impact of a single aircraft event, as the median value shows high variance, but over time
the metric will become more accurate. For the noise level measurements normalizing happens in
Equation 3.1. The noise level and species concentration measurements are normalized in the envi-
ronmental footprint metric because they have different units, and are possible to add directly due
to this process. w1 and w2 are the weights assigned to noise pollution and emissions pollution, re-
spectively, and further described in Section 3.2. u i is the weight of the speci�c species of emissions.
The values for u i are discussed in Section 3.3.

Sound Level L
The noise level is calculated using data measured by the GLS and noise drones together with noise
models. It was decided to use the noise levels as this is a measure for the amount of noise expe-
rienced by people on the ground, contrary to the sound pressure level which is dependent on the
noise produced by a source and not the distance is between the source and the observer. This dis-
tance is an important factor for near-airport communities as the higher an aircraft �ies, the less
noise is experienced by people on the ground. Using the noise measured by the ground level sen-
sors and noise drones together with noise models, a map of noise levels can be created with the

8
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Gaussian Processes as explained in Chapter 9. The noise level will be integrated over area and time
to come to a total metric throughout a certain aircraft event. The area over which it is integrated
is a square of 20 km by 20 km in the direction that the aircraft �ies over the near-airport commu-
nities measured from the end of the runway. A distance of 20 km was chosen "For airports with a
signi�cant number of operations, populations living along radials aligned with runways or �ight
paths may be exposed predominantly to damages from noise as much as 20 km further away from
the airport." [6]. When an aircraft enters the runway, noise levels will be measured by the various
microphones which serve as input data for the noise models. Until the the aircraft leaves the 20 km
by 20 km region, the models will keep estimating the noise levels on the ground using data from the
noise drones and GLS kits once a second. Once the aircraft leaves the bounded area, the noise levels
within that region for the time that the aircraft produced within that frame are summed up to get a
total value for the noise impact a single aircraft event had on the near-airport communities.

Emissions Concentrations C
C represents the total emission of �ve types of species measured by the emissions drones and esti-
mated through a model. Despite the emissions drones measuring NO and O 3, they will not be taken
into account in the environmental footprint calculation. The majority of NO x emitted is NO 2, and
therefore this measurement is used to estimate the total NO x. Ozone (O3) is not taken into account
in the total environmental footprint metric as it is a secondary emission, which is produced by a re-
action of NO x in air in the presence of VOCs and UV-light. Nonetheless, the value is important in the
long-term to estimate the distribution of gasses in the atmosphere, and can be used by researchers
for further analysis. C will be calculated using Equation 3.2;

C Æ
5X

i Æ1
u i ¢

Ci

C̄i
. (3.2)

In Equation 3.2, u i is the weight assigned to each type of species, based on its effect on human health
and explained below. As mentioned above, the concentration measurements are normalised by di-
viding the concentration for a certain species for a certain aircraft event by the median of all aircraft
events. The total emissions will be calculated by modeling the amount of emissions produced by the
aircraft from when it enters the runway to when it leaves the runway (take-off for departing aircraft,
taxiing off the runway for arriving aircraft). This is done using measurements from the emission
drones in combination with the model. By estimating the �ux of pollution over a plane near the
aircraft, parallel to the aircraft direction, it is possible to estimate the total mass �ow of emissions
during an aircraft event leading to an estimate of the total emission of each gas species.

3.2. Weights of Noise and Emissions
This section discusses the weights w1 and w2. These two weights correspond to the impact of noise
and emissions of aircraft events on near-airport communities. P.J. Wolfe et al. [6] analysed how peo-
ple that live near airports experience an elevated impact of aircraft events, with the mean cost per
person due to noise and emissions depending on aircraft operations. As one can conclude from Fig-
ure 3.1 [6], the ratio between damage due to air quality and noise differs depending on the amount
of operations carried out at the airport annually (i.e. amount of �ights landing and taking off, air-
craft events). Therefore, the weights will be dependent on the airport/runway being analysed. The
weights w1 and w2 will be calculated using Equation 3.3 and Equation 3.4, respectively;

w1 Æ
y1

y1 Å y2
, (3.3) w2 Æ

y2

y1 Å y2
, (3.4)

In Equation 3.3 and Equation 3.4, y1 is the mean expected damage per person in USD FY2006 due
to noise and y2 is the the mean expected damage per person in USD FY2006 caused by a decrease
of air quality. It should be noted that this report uses EUR as standard currency. However, as a ratio
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Figure 3.1: Mean of expected damage per person living at airport boundaries in USD (FY2006) as function of amount of
annual operations [6]

is calculated to determine w1 and w2, the unit USD disappears in the weights. The same holds for
the fact that it is expressed in FY2006. Therefore, the damages in USD FY2006 do not need to be cor-
rected for in�ation and currency rates. Lastly, the reader should be aware of the fact that the climate
damage is not considered in the weights, despite being presented in Figure 3.1 [6]. That is because
the climate damage stays constant and is not dependent on the amount of annual operations, nor
on the distance a person lives from the airport. Furthermore, the damage experienced by a person
living near an airport depends on the distance they live from that airport. The damage shown on
the vertical axis is calculated for the airport boundary [6]. The weights for Schiphol Airport will be
calculated to provide an example. In 2019, the year before the aviation industry got affected by the
COVID-19 pandemic, Schiphol Airport had approximately 500.000 air traf�c movements 1. From
Figure 3.1, one can see that for 5 ¢105, y1 is approximately 500 USD and y2 is approximately 250
USD. Using this example with Equation 3.3 and Equation 3.4 leads to w1 equal to 0.67 and w2 as
0.33.

3.3. Weights of Emission Species
As mentioned above, different types of emission species have different impacts on human health
and are emitted at different rates. To account for this, the weight u i was introduced in Equation 3.1.
The weights for the �ve emission species used in the calculation of the total environmental foot-
print metric are displayed Table 3.1. The column called 'LTO Air Quality Cost Metric' accounts for
the fact that different emission species have different impact on human health. It mentions the cost
per tonne of emission species emitted, and it speci�c for landing and take-off operations and for
Europe. The pollution has been quanti�ed using VSL of Europe. [7]. If one wishes to use the system
outside of Europe the weighting factors should be adjusted, as the values differ for different regions
around the world. The costs have been written in USD and FY2015, but that does not pose a prob-
lem for the weighting as the the weights are determined as fraction of the total cost, so the units
disappear.

The 'Share of emission' column in Table 3.1 consists of the ratio of different types of emission species
weighted to the ratio in which they are emitted 2 [8]. This ratio is based on "a typical two-engine jet

1https://nieuws.schiphol.nl/jaarcijfers-2019/? [Cited 10 June 2022]
2https://www.easa.europa.eu/eaer/�gures-tables/emissions-typical-two-engine-jet-aircraft-during-1-hour-�ight-150-passengers
[Cited 21 June 2022]
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aircraft during 1-hour �ight with 150 passengers" 3. For LTO events this ratio could be different, but
it serves as an initial estimate. Subsequently, the two weights have been multiplied, of which the
result is provided in the column 'Shares multiplied'. Afterwards, these values have been normalise
to obtain the �nal weight of the emission species, and seen in the right column of Table 3.1.

Table 3.1: Calculation of weights for emission species used in total environmental footprint metric calculation

Emission
Species

LTO Air
Quality
Cost Metric
[$/tonne]
[7]

Share of To-
tal Cost

Share of
emission 4

[8]

Shares mul-
tiplied

Weight of
emission
species (u i )

CO 1100 0.0037 0.846 0.003 0.064
NO2 67000 0.2255 0.071 0.016 0.34
PM2.5 120000 0.4038 0.056 0.023 0.489
VOC 56000 0.1885 0.003 0.001 0.021
SO2 53061 0.1786 0.024 0.004 0.085
Total 297161 1.0001 1 0.047 1

Some remarks should be made:P.J. Wolfe et al. [6] uses the cost of NO x in $/tonne NO x as NO2. This
value is used for weighting NO 2 emissions. NO is omitted from the calculation of C and hence a
weight is not required. Furthermore, the source notes the costs of black carbon (BC), not of PM2.5.
BC is the primary type of PM2.5. Therefore, in the calculations for C, it is assumed that the weight
of PM2.5 is that of BC. Lastly, the source mentions sulfates in general and does not give the costs
of SO2 and SO4 speci�cally. 98% of SO x is SO2, and therefore the cost of sulfates mentioned in the
source is divided by 0.98. This way the cost of SO 2 represents the health impacts of both SO 2 and
SO4.

3.4. Presenting the Total Environmental Footprint
In short, a total environmental footprint metric is calculated for a certain aircraft event. All these
metrics will be uploaded to an FTP server, together with all the raw data as measured by the ground
level sensors and drones. The footprint metric will be saved together with data about the type of
aircraft and airport where the aircraft departed/is heading towards. From this FTP server the website
will use data to present on the website.

The footprint calculated shall be displayed on a website that is available for everyone to see. So, if
a person living near an airport wants to compare the impact of two (or more) aircraft events on the
near-airport communities, they can check the values on the website. The basic metric presented on
the website is calculated by Equation 3.1. However, other options will be available.

One could reason that an aircraft that can carry more passengers/cargo while producing the same
amount of pollution is favorable over an aircraft carrying less passengers/cargo. The exact amount
of cargo and passengers will be hard to obtain for each aircraft event as it requires data from airlines
operating the aircraft, and therefore standard capacities for cargo and passengers will be used in the
calculations depending on the speci�c aircraft type. In a similar manner, one could reason that an
aircraft that �ew a larger distance before arriving, ceteris paribus, is deemed favorable. However,
as such choices are subjective they are left as an option to the user. Therefore, on the website it
will be optional to add these factors in the total environmental footprint calculation. The equation

3https://www.easa.europa.eu/eaer/�gures-tables/emissions-typical-two-engine-jet-aircraft-during-1-hour-�ight-150-passengers
[Cited 21 June 2022]
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that would be used to calculate the total environmental footprint metric which these two options
selected can be seen below in Equation 3.5.

E2 Æ
E ¢½p

d ¢
³

Wc
Wp

Å Np

´ , (3.5)

Wc is the cargo weight in kg, Wp Æ88 [kg] is the weight of an average passenger and is used as a
normalisation factor, Np is the number of passengers, d is the distance travelled by the aircraft in
km, and ½p is the population density in a certain area near the runway. Cargo weight is included
in Equation 3.5 to be able to also generate a footprint metric for cargo aircraft. As the standard
passenger weight is 88 kg 5 , the cargo weight is divided by 88 kg in the equation for the environ-
mental footprint. By doing so, the cargo weight is represented compared to an equivalent number
of passengers.

Another option is to see the total environmental footprint metric as function of the population den-
sity. One could reason that an aircraft �ying over an area with a relatively high population density
is worse than that aircraft �ying over an area with lower population density while experiencing the
same amount of pollution, all other parameters considered equal. However, making such a decision
is left up to the user of the website. Therefore, adding this parameter in the calculation of the total
environmental footprint will be optional too. The population density would be included in Equa-
tion 3.1 by multiplying the numerator by the population density, as a higher population density
should lead to a higher environmental footprint value.

Furthermore, it will be possible to download the raw data from the website. This includes the ADS-B
data and the data measured by the ground level sensors (GLS's), noise drones, and emissions drones.
This option is meant for researchers who could use the raw data for more in-depth analyses than
would be possible with merely the data presented on the website.

3.5. Future Recommendations
In the future development of ALEC, there are several components of the total environmental foot-
print metric that should be thoroughly analyzed for possible improvements.
First, the area of 20 km by 20 km should be reconsidered. Currently it is deemed the best area in
which noise levels should be calculated for the environmental footprint, but further research could
focus on analyzing whether this is indeed the best area or whether other regions would be better.
Furthermore, currently the values for L and C are normalized using the median values. The me-
dian values are based on all previous measurements made for a certain runway. However, further
development should focus on whether an median should be taken for all previous aircraft events,
or whether it is better to take the median for another time frame such as a week or single day. The
weather can effect the noise and emissions produced, and therefore this time frame over which the
median is taken should be analyzed in future development as the weather changes.

5https://www.easa.europa.eu/downloads/3860/en [Cited 10 June 2022]



4
Emissions Drone Subsystem

To measure emissions and air quality near runways, a drone specialised in monitoring aircraft ex-
haust was designed. Compared to stationary air quality stations, the emission drone provides a
more �exible approach with a short set up time and the ability to measure at more locations includ-
ing differing altitudes. To measure different substances using a drone, a custom sensing subsystem
has been designed, consisting of an array of sensors and a specialised sensor chamber.

The emission drone requirements are included in Section 4.1, an analysis of the air pollutants to
analyse in Section 4.2 and the payload design in Section 4.3. The general design of the drone and its
structure is shown in Section 4.4, the command and data handling in elaborated on in Section 4.5,
the autonomous design in Section 4.6 and the regulations the drone should adhere to are described
in Section 4.7. Additionally, the budget is included in Section 4.8, followed by the performance
analysis in Section 4.9. Finally, the operations and logistics concept description can be found in
Section 4.10.

4.1. Requirements and Veri�cation
The requirements for the emission drone can be found below in Table 4.1 and those shared for both
emission and noise drones are included in Table 4.2 under the �ying vehicle requirements. They
are presented as to provide the reader a summary of the goals set within the design of the hardware
of the system. Additionally, a compliance matrix is included to indicate if the requirement met, as
well as comments to indicate where they are addressed within the text. Finally, the tables includes
a veri�cation column which indicates the procedure required to validate the requirement. A
indicates that the requirement has been met, » indicates partial compliance, and £ shows that the
requirement has not been met.

Table 4.1: Emission drone requirements and compliance

Requirement
ID

Requirement Comp-
liance

Comments Veri�cation

ALEC-SR-FV-
ED-PL-01

The emission sensing subsystem shall
measure sulfur dioxide levels with an
accuracy of 10% Full Scale (FS)

Presented in Sec-
tion 4.3

Analysis - perform mea-
surements at limit con-
centration

ALEC-SR-FV-
ED-PL-02

The emission sensing subsystem shall
measure nitrous monoxide levels with
an accuracy of 10% Full Scale (FS)

Presented in Sec-
tion 4.3

Analysis - perform mea-
surements at limit con-
centration

ALEC-SR-FV-
ED-PL-03

The emission sensing subsystem shall
measure nitrous dioxide levels with an
accuracy of 10% Full Scale (FS)

Presented in Sec-
tion 4.3

Analysis - perform mea-
surements at limit con-
centration

ALEC-SR-FV-
ED-PL-04

The emission sensing subsystem shall
measure carbon monoxide levels with
an accuracy of 10% Full Scale (FS)

Presented in Sec-
tion 4.3

Analysis - perform mea-
surements at limit con-
centration

ALEC-SR-FV-
ED-PL-05

The emission sensing subsystem shall
measure total PM2.5 levels with an ac-
curacy of 10% Full Scale (FS)

£ Not covered by
product speci�-
cations

Analysis - perform mea-
surements at limit con-
centration

ALEC-SR-FV-
ED-PL-06

The emission sensing subsystem shall
measure total Ozone levels with an ac-
curacy of 10% Full Scale (FS)

Presented in Sec-
tion 4.3

Analysis - perform mea-
surements at limit con-
centration

13
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ALEC-SR-FV-
ED-PL-07

The emission sensing subsystem shall
measure total VOC levels with an accu-
racy of 10% Full Scale (FS)

£ Not covered by
product speci�-
cations

Analysis - perform mea-
surements at limit con-
centration

ALEC-SR-FV-
ED-PL-08

The environmental science subsystem
shall note the time of each measure-
ment with accuracy of ± 1 second

£ Not covered by
product speci�-
cations

Test - perform measure-
ments at known time

ALEC-SR-FV-
ED-TC-10

The emission drone shall transmit the
measured values to the ground station.

Presented in Sec-
tion 4.5

Inspection - see if emis-
sion data is received by
ground station

ALEC-SR-FV-
ED-PERF-01
(key)

The emission drone shall have an oper-
ational time of at least 20 minutes with
a fully charged battery.

Presented in
Subsection 4.9.1

Demonstrate - operate
emission drone until
battery is dead

ALEC-SR-FV-
ED-COS-01

The emission drone shall cost no more
than 4500 EUR.

Presented in
Subsection 4.8.1

Inspection - sum hard-
ware costs of compo-
nents

Table 4.2: Flying vehicle requirements and compliance

Requirement
ID

Requirement Comp-
liance

Comments Veri�cation

ALEC-SR-FV-
01 (key)

The �ying vehicle shall be able to take
measurements autonomously.

Presented in
Chapter 9

Demonstration - take mea-
surements without human
intervention

ALEC-SR-FV-
02

The �ying vehicle be able to au-
tonomously calculate its �ight path.

Presented
in Subsec-
tion 4.5.1

Demonstration - let sys-
tem calculate its own, non-
predetermined, �ight path

ALEC-SR-FV-
03

The �ying vehicle be able to au-
tonomously follow its �ight path.

Presented in
Section 4.6

Demonstration - vehicle
�ies non-predetermined
�ight path

ALEC-SR-FV-
04

The �ying vehicle shall have an opera-
tional set-up time of less than one hour.

Presented in
Section 4.10
and Sec-
tion 5.7

Demonstration - set up �y-
ing vehicle and record time

ALEC-SR-FV-
05

The �ying vehicle shall have a minimum
IP rating of IP33.

Presented in
Section 4.4
and Sec-
tion 5.3

Test - expose vehicle to IP33
conditions

ALEC-SR-FV-
TC-04

The �ying vehicle shall communicate its
position to the ground station every 1
second.

Presented in
Section 4.5

Test - measure communi-
cation interval

ALEC-SR-FV-
CAS-01

The �ying vehicle shall be able to land au-
tonomously.

Presented in
Section 4.6

Demonstration - test vehi-
cle landing command.

ALEC-SR-FV-
CAS-02

The �ying vehicle shall be able to au-
tonomously take off.

Presented in
Section 4.6

Demonstration - test vehi-
cle take off command

ALEC-SR-FV-
CAS-03

The �ying vehicle shall be controllable. Section 4.6 Test - test controllability of
vehicle

ALEC-SR-FV-
EPS-02

The �ying vehicle's power source shall
provide power to each subsystems at the
required voltage.

Presented in
Section 4.6

Analysis - check electric
block diagram

ALEC-SR-FV-
EPS-03

The �ying vehicle's power source shall be
rechargable.

Presented in
Chapter 6

Inspection - check product
speci�cations

ALEC-SR-FV-
EPS-04

The �ying vehicle's power source shall not
leak �uids while operational

Presented in
Chapter 6

Inspection - inspect power
source while operational
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ALEC-SR-FV-
CDHS-01

The �ying vehicle shall be able to receive
commands from the ground station.

Presented in
Section 4.5
and Sec-
tion 5.3

Test - send commands from
ground station to vehicle

ALEC-SR-FV-
PERF-03

The �ying vehicle shall have a cruise
speed of at least 5 m/s.

Presented in
Section 4.9
and Sec-
tion 6.6

Demonstration - �y vehicle
at maximum velocity and
measure that speed

ALEC-SR-
FV-SUST-01
(key)

The �ying vehicle shall not emit any
harmful gasses during operation.

Presented in
Section 6.5

Analysis - analyse all emis-
sions vehicle produces dur-
ing operation

ALEC-SR-FV-
SM-01

The structure shall not de�ect more than
10% under operational loads.

Presented in
Section 4.4

Test - subject vehicle to op-
erational loads and mea-
sure de�ection

ALEC-SR-FV-
SM-01-01

The material used for the structure shall
have a Young's Modulus of at least 70
MPa.

Presented in
Section 4.4

Test - test Young's Modulus
of material used for the ve-
hicle structure

ALEC-SR-FV-
AE-01

The �ying vehicle shall be able to produce
a L/MTOW ratio of 2.0 at ISA sea level
conditions.

Presented in
Section 4.9
and Sec-
tion 6.6

Test - add weight vehicle
and test hovering ability

ALEC-SR-FV-
PEP-01

The �ying vehicle shall be able to asso-
ciate a measurement with a wind direc-
tion with a precision of ± ¼/180 rad.

» Presented in
Section 4.5
but precision
not covered
in design

Test - compare measure-
ments with true value

ALEC-SR-FV-
PEP-02

The �ying vehicle shall be able to asso-
ciate a measurement with a wind speed
with a precision of ± 0.1 m/s.

» Presented in
Section 4.5
but precision
not covered
in design

Test - compare measure-
ments with true value

ALEC-SR-FV-
PEP-06

The �ying vehicle shall be able to mea-
sure the atmospheric temperature with a
precision of ± 1 K.

Presented in
Section 4.8

Test - compare measure-
ments with true value

ALEC-SR-FV-
PEP-07

The �ying vehicle shall note the atmo-
spheric humidity with a precision of ± 1
%.

Presented in
Section 4.8

Test - compare measure-
ments with true value

ALEC-SR-FV-
OPER-06

The mission shall be operable up to 1500
meters from the ground station.

Presented in
Section 6.9
and 7.6

Analysis - review mission
operations

ALEC-SR-FV-
CAS-06

The �ying vehicle shall be able to avoid
obstacles of size greater than 25 cm^2.

Presented in
Section 4.6

Test - obstruct path of vehi-
cle with obstacles and ob-
serve reaction

4.2. Air Quality and Emission Analysis
All conventional fossil-fuel-powered aircraft create emissions during their operation. The emissions
divide into two main sections, primary and secondary. Primary emissions are those that are directly
emitted by the aircraft, and secondary emissions are a result of those primary emissions that form
over time.

Aircraft emit mostly CO 2 and H 2O, making up more than 99% of the total emissions in nominal
conditions [9]. Furthermore, NO x is created as a result of nitrogen in the air reacting with oxygen
at high temperatures and pressures inside an aircraft engine. SO x is created as a result of sulphur
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presence in the aircraft fuel. Particulate matter, referred to as PM, is also emitted, in the form of soot,
resulting from incomplete combustion. CO is emitted during low thrust operations, also associated
with incomplete combustion. VOC are emitted throughout this process as well.

The secondary emissions are harder to track, as the primary emissions can react in very different
ways depending on the exact state of the environment that they are emitted into. As such, only the
most important will be covered here. Starting with NO x as primary, two major systems are present.
First, the NO x - O3 cycle, where in the presence of UV light O 3 is created, otherwise it is consumed.
Second, the formation of particulate matter through precipitation of salts, formed through a com-
plex process where NO x leads to HNO 3

– aerosols, which then reacts to create a salt, depending on
what it reacts with. Within this cycle, the HNO 3

– in and of itself can cause acidic rain, and in high
concentrations directly impacts health through destroying living tissue [10]. SO x system is similar to
the second NO x system, where it forms an acid, H 2SO4, which can either directly negatively impact
health or the environment, or will form particulate matter. Both the NO x and SOx cycle are affected
by atmospheric conditions, hence their effect will be different at aircraft cruise level and near sea
level.

Emission Impact on Local Environment and Health
As mentioned earlier, the two main aviation emissions by volume, H 2O and CO2, have a consider-
able climate effect. The latter is a powerful greenhouse gas that has been linked with global warm-
ing, and the former has an even stronger effect when released into upper atmosphere. However, nei-
ther carries any direct impact on human health, not in the anthropogenic emission levels. Within
the scope of the local environment, CO 2 even promotes plant growth, having a marginally positive
impact.

According to the 2016 EPA assessment [11], exposure to high concentrations of NO x, speci�cally
NO2, has been linked to asthma exacerbation, respiratory infections, and early respiratory morbid-
ity, among others. NO x is also directly linked to the creation of O 3, which is linked to both respiratory
and metabolic health issues, reports EPA [12]. According to the same report, millions of Americans
are currently living in areas where O 3 levels exceed air quality standards. Associated with the NO x

creation of O 3 are VOCs, also emitted by aircraft engines. The CO emissions are likely to contribute
to cardiovascular morbidity and have been linked to respiratory morbidity, however only in high
concentrations [13]. It is nonetheless important to monitor the levels, since low-thrust operations,
like some landing operations, or taxiing, produce signi�cant levels of CO. The SO x emissions, on
the other hand, have been proven to have a negative impact on human respiratory system in case
of short term exposure. In terms of long term exposure at lower concentrations, research suggests a
similar impact [14].

For both the NO x and SOx, a wide range of secondary emissions is created. The acids formed by
both emissions, HNO 3

¡ and H 2SO4, stay in the atmosphere in the form of acidic aerosol that can
lead to acidic smog [10]. The smog then causes signi�cant respiratory issues, and in higher altitudes
can lead to acid rain. Furthermore, both acids can further react to create PM 2.5.

This PM2.5, which is partly a result of NO x and SOx emissions, and partly a directly emitted pollu-
tant, is one of the most problematic of the aforementioned substances. It is speci�ed as particulate
matter with diameter less than 2.5 &m. In terms of short-term exposure, it has been linked to issues
with the respiratory system and the cardiovascular system. For long-term exposure, respiratory,
cardiovascular, nervous, and metabolic, and it is linked to causing cancer [15]. Aviation also creates
different particulate matter, both larger diameter PM 10, and ultra-�ne-particles (UFP), also labeled
PM0.1. The impact of UFP in particular is a current subject of many studies, but the results on its
health impacts are not yet exactly clear. It is however linked to many of the same problems associ-
ated with PM 2.5.
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Measuring Air Pollution
To measure air pollution, many techniques are available. First, a distinction is made between partic-
ulate matter, which is most often measured using optical methods, and gasses, that can be measured
using chemical methods. For the application within the proposed system, only portable solutions
are acceptable, which disquali�es most common and reliable methods such as gas chromatogra-
phy - mass spectrometry (GCMS), or using heavy multi-gas analysers. Still, to map out every single
possible method would be too extensive for this report, hence this section will focus on a few main
types of sensors that can be used by the system.

For particulate matter, the general principle is to have a stable air�ow in which the particles are
then counted. For PM 2.5 and coarser material, this can be done using optical particle counters that
use lasers to count the particles. For �ner particulate matter, such as UFP, condensation particle
counters (CPC) can be used, where the particulate matter is �rst enlarged in diameter by using the
particles as nuclei for vapour droplet formation 1. However, CPCs are quite large, heavy, and expen-
sive, compared to their simpler, less sensitive counterparts.

For gasses, many options are available. First are electrochemical sensors. In these sensors, an elec-
trode is used as a transducer, as the target gas is oxidised or reduced, producing measurable current
[16]. Electrochemical sensors can be very light, as little as a few grams 2. Another option are metal
oxide (MOX) sensors (also sometimes referred to as metal oxide semiconductor = MOS). These sen-
sors perform similarly to their electrochemical counterparts, and can be even further miniaturised.
There are multiple options of measuring gasses with infrared image sensors and infrared point sen-
sors which allow detection and location of gasses without being in direct contact, even at consid-
erable distances of dozens to hundreds of meters 3. However, these systems are only capable of
detecting a limited amount of gasses, and are often heavy.

Gas Sensor Parameters
Each gas sensor is suited to a slightly different detection environment, which is re�ected in its pa-
rameters. Each sensor is limited to a certain range of concentrations, temperature, and humidity,
but those are rather self-explanatory. In this section, the more complex parameters of interest are
explained, and associated desirable values proposed.

Cross-sensitivity is one of the most crucial parameters of a gas sensor. It re�ects how sensitive a
sensor is to substances other than the target gas. In some cases, this cross-sensitivity can be higher
than 100% of the target gas 4, or can be purposefully set at 100% as to create a sensor equally sensi-
tive to multiple gases. For the purposes of researching the precise levels of gasses in the atmosphere,
cross-sensitivity is not desirable.

Response time, often given as t90 or t50, is a measure of how quickly a sensor responds to a step
change in concentration of the target gas. It is given in terms of tn seconds that the sensor takes to
approach within n% of the change. For mobile systems and environments with rapidly changing
concentration, a low response time is desirable, such that the quick changes are recorded by the
sensor. Values less than 60 s are found acceptable by the EPA [17], however even lower values are
preferred.

Linearity is a measure of how the sensor reacts to a change in concentration at that given concen-
tration. For a fully linear response, the sensor response for a given change will be the same at any
concentration level. Not so for a non-linear response, e.g. a sensor returns 20 [ nA

ppm ] at 20 [ppm],

1http://www.cas.manchester.ac.uk/restools/instruments/aerosol/cpc/ [Cited 12 June 2022]
2https://www.alphasense.com/wp-content/uploads/2017/01/COAX.pdf [Cited 12 June 2022]
3http://www.rmi.cz/sigis-2 [Cited 12 June 2022]
4https://www.alphasense.com/wp-content/uploads/2021/05/NH3-B1.pdf [Cited 12 June 2022]
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and 25 [ nA
ppm ] at 50 [ppm]. Such a sensor would not be ideal for applications where the concentra-

tion varies a lot over the measurement period. As such, a linear response is desirable.

Target Gas Selection
The ALEC system will use gas and particle sensors to measure local concentrations of gasses and
particulate matter to establish the local air quality. For this purpose, it will observe the main pollu-
tants attributable to aviation, which have a direct impact on human health or a direct impact on the
environment on the local level. As such, CO 2 and H 2O are not going to be measured, as their health
impact on the local community is second to none. NO x will be measured, both in the form of NO
and NO2 to provide as much information as possible on the behaviour of NO x around aviation. SO x

will be measured, though only SO 2, as SO4 is much less present in the emission, and can be com-
puted from the level of SO 2. The CO will be measured, as it can be attributed to speci�c operations,
based on the engine thrust, and it can then help provide insight into the other emissions present
with that speci�c engine setting. The O 3 will be measured, since it is crucial to the behaviour of the
NOx - O3 system and in and of itself is harmful. VOCs, also part of the system, will also be measured.
Particulate matter will also be measured, given its undeniable negative impact on human health.
Speci�cally, PM 2.5 will be measured. UFP was also considered, however the instrumentation neces-
sary for its measurement is too heavy and expensive for the system.

4.3. Payload Design
In this section, the payload design is elaborated upon. In Subsection 4.3.1 the sensor selection is
performed and reported. Subsection 4.3.2 details the integration of the sensors in the drone pay-
load, so that optimal measuring conditions are created.

4.3.1. Sensor Selection
Following the identi�cation of the substances of interest in Section 4.2, appropriate sensors have
to be selected. This section will explain the selection and the mitigation of the limitations of the
selected sensors.

Sensor Trade-Off
It was decided to measure the following substances: PM 2.5, VOC, CO, NO, NO2, SO2, O3. As such,
a sensor was selected for each target gas. The process of selection was divided into three parts.
First, a large database of available sensors relevant to the target gases was compiled based on data
from multiple companies (Alphasense, Honeywell/CityTech, Figaro, Winsen, and Flir). Second, the
properties of each sensor were investigated and listed in the database. Third, based on the database,
a trade-off was performed. Within the trade-off, �rst the unsuitable sensors were identi�ed, using
the criteria of operating temperature, humidity ranges, cost, and mass (single sensors with a price
in the thousands of EUR or heavier than a kilogram were not considered). The �nal trade-off criteria
in a decreasing order of importance were cross-sensitivity, reaction time ( t90), sensitivity, accuracy
(linearity, zero and full scale error), and mass.

As a result of this selection process, the following sensors were chosen. Most sensors are electro-
chemical, with the exception of an MOX sensor for VOC, and an optical sensor for PM 2.5.

• VOC: Winsen MQ138
• CO: Alphasense CO-CX
• NO: Alphasense NO-B4
• NO2: Alphasense NO2-AE

• O3: Alphasense O3-AH
• SO2: Alphasense SO2-A4
• PM2.5: Alphasense OPC-R2

An important limitation of the electrochemical sensors to address is cross-sensitivity. Most sensors
were chosen such that their cross-sensitivity to other gasses of interest and gasses that are normally
present in the measuring environment is minimal. However, the NO 2 and O3 sensors exhibit 100%
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cross sensitivity to both gasses. According to research [18], using an MnO 2/PTFE powder �lter on
one of the sensors allows for the measurement of NO 2 without O 3 interference, and then by simple
subtraction the correct value for O 3 can be found from the other sensor.

4.3.2. Sensor Integration
The sensors that were selected in the previous chapter only function optimally in very speci�c con-
ditions. In this subsection, a payload layout is designed such that these conditions are met.

Sensor Support Circuitry
The electrochemical sensors themselves do not produce usable data. Instead, when in a circuit with
a certain resistance and power source, they will create changes in the current in the circuit based
on the exposure to a target gas. As such, a support circuit into which the sensor is placed is needed.
For the alphasense electrochemical sensors, the ISB Individual Sensor Board supplied by the same
manufacturer is used 5. For the Winsen VOC sensor a custom circuit board will be made according
to the information provided in the sensor speci�cations 6. The optical sensor already provides a
digital output, hence it does not require a support circuit.

Sensor Air�ow Subsystem
For the sensors to measure optimally, a method of transport for the sampled air must be ensured,
such that they are exposed to the most current concentration of the substances of interest and can
react reliably. Otherwise, it is impossible to ensure that the air inside the sensor chamber hasn't
stayed there since the beginning of the mission, and the data could not be reliably associated with
current concentrations. According to the application notes provided by the sensor manufacturer
7, the �ow around the sensors for best measurement must be parallel to their surface, while not
laminar, to allow for diffusion.

It is also desirable to minimise pressure changes around the sensor, providing suf�cient spacing
between the inlet, the sensors, and the system creating the pressure difference to drive the air�ow.
A system was designed, in the form of a channel, to provide such environment. The sensors are
located in a crown-like con�guration around this channel. At the inlet on the top of the channel,
guide vanes are used to angle the �ow to graze the sensor surface. At the bottom, a fan drives the
air through the channel. The air exiting the channel is distributed throughout the drone to cool
the electronics and batteries, leaving the drone through one of the many openings in the structure.
The placement of the payload is speci�c to the air disturbance pattern created by the propellers of
a quadcopter. From simulation it has been shown that at the center of the body of a quadcopter,
a quasi-stagnation is formed, where the disturbance is minimal. It is also lower with increasing
vertical distance from the propeller level [19, 20].

The payload is placed such that it is centered on the drone, extending above the propellers. The
distance between the sensors and the fan was designed to be equal to the diameter of the tube.
While ideally the distance would be considerably larger, up to ten times the diameter, the vertical
size of the payload was strongly limited by the constraints of the drone. Most speci�cally, the �ight
controller and landing camera have to be placed in the center of the drone, same as the payload,
hence the tube cannot lead through the entire drone. A cross section of the subsystem is shown in
Figure 4.1, and a rendering in Figure 4.2. Humidity and temperature sensors are mounted in the
inlet to allow for measurement correction.

5https://www.alphasense.com/wp-content/uploads/2019/10/ISB.pdf [Cited 08 June 2022]
6https://www.winsen-sensor.com/d/�les/mq138-(ver1_6)---manual.pdf [Cited 08 June 2022]
7https://www.alphasense.com/wp-content/uploads/2013/07/AAN_010.pdf [Cited 09 June 2022]
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