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ABSTRACT:

Reducing emissions is a very prevailing topic also
in aviation industry. Besides technological improve-
ments it is necessary to also adjust procedures and
operations. We present a tool that is able to opti-
mize flight trajectories not only regarding econom-
ical factors but also ecological ones. Due to the
utilization of a flight performance model and a de-
tailed engine model, it is possible to determine an
aircraft's emission quantities during all phases of a
flight. Besides those like CO,, NOy, CO, Black Car-
bon, etc. we are also considering contrail formation
and their influence on the global warming. By trans-
forming emissions into monetary values we can find
a trade off between multiple criteria. After describ-
ing the employed models and software architecture
we present some use cases where we successfully
applied our toolchain.

1. INTRODUCTION

Today’s aviation industry draws responsible for
around 2% of all anthropologically induced emis-
sions, regarding CO only [1]. The need for reducing
those emissions is no point of contention anymore.
One goal of the Single European Sky (SES) program
is a reduction of 75 % of carbon dioxide and 90 % of
nitrogen oxides per passenger kilometer until 2050,
compared to the amount of emissions in 2000 [2].

To account for the need of improved, climate friendly
aircraft operations, we present a software tool chain,
that is capable of optimizing a trajectory regarding
multiple criteria. Besides considering direct operat-
ing costs only, we took a great effort on modeling a
trajectory’s influence on global warming. A multi cri-
teria cost function allows to find trade offs between
ecological and economical optimal trajectories.

Especially airlines have to be induced to consider
an aircraft’s ecological footprint during flight planning
and execution, because today, emissions don’t get

much attention from those stakeholders in the avi-
ation sector. They try to operate in a cost optimal
way, which often contradicts the request for a more
eco-friendly air traffic. By using the prices of Emis-
sion Trading Scheme (ETS) certificates, it is possible
to monetarily quantify emissions. In the same way
we can also consider the ecological and economical
impact of condensation trails which have a fairly un-
derestimated influence on climate and therefore on
optimal trajectories, as well [3].

Based on these costs additionally to the direct op-
erating costs, we developed a set of so called
Key Performance Indicators (KPIs) that can be
used to assess and optimize trajectories. With
Toolchain for Multicriteria Aircraft Trajectory Opti-
mization (TOMATO) we present a set of software
tools for optimizing trajectories considering all the
different costs. This paper will describe the tech-
nical background like implemented algorithms and
the methodologies used to optimize aircraft trajecto-
ries from departure to arrival airport including start,
climb, cruise, and descent phases.

The flight performance model Compromised Aircraft
performance model with Limited Accuracy (COALA)
[4] allows us to account a number of different air-
craft types and their individual behaviors and per-
formance. With its build in engine model, it can be
utilized to determine the amount of different emis-
sions during flight. By using a real atmosphere in
conjunction with the engine model, it is possible to
calculate criteria for contrail formation. Like for other
emissions, we are able to determine their influence
on climate and transfer it into a monetary value that
can be considered during trajectory optimization.

1.1. State of the art

Optimizing an aircraft’s flight trajectory has been of
great interest since decades. While economical as-
pects were the main drivers first, in recent years the
ecological impact has become of more interest not at
least because of increasing social pressure. There
has been a lot of research in this area previously.
Especially wind optimized trajectories gained much
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attention [5, 6]. Some of these researches even con-
sidered emissions produced by the aircrafts [7].

A multi criteria approach that ponders the ecologi-
cal impact and economical interests, i.e. direct op-
erating costs, seems to be not available at the time.
There is some basic work in this area [8], but a de-
tailed investigation of trade offs between those fac-
tors did get not much attention, yet. Besides tradi-
tional emissions like CO,, in recent years, conden-
sation trail formations get increased attention [6, 7,
9]. The impact of contrails on the global warming has
been proven to be up to a magnitude worse than this
of CO, emissions produced by aircrafts [10].

When performing trajectory optimizations, most ap-
proaches focus on cruise phase only [5-9, 11]. Al-
beit some work utilizes the BADA model [6, 7, 12],
a realistic flight performance is often neglected, and
some static parameters are assumed, like constant
speed and altitude, etc. Even if a 3D or 4D optimiza-
tion approach is proposed, most work consider the
ability of instant step climbs during cruise only [7, 9,
11], but there is no detailed investigation of climb and
descent phases when optimizing a full trajectory.

To force an airline to consider a trajectory’s ecologi-
cal impact, there need to be some monetary incen-
tives that influence the overall cost balance. Previ-
ous studies came to the conclusion that the prices of
ETS certificates, which we need to transform emis-
sions into costs, need to raise a lot. While it cur-
rently lays around 4.00€ ', it needs to be a magni-
tude higher than today’s values [13].

For solving trajectory optimization problems there
are primarily two popular approaches around. On
the one hand, the path finding algorithm A* as well
as the more general Dijkstra algorithm for searching
shortest paths in a graph are employed [11, 12]. Oth-
erwise, the optimization is implemented as an opti-
mal control problem [6-8].

Besides all these ongoing researches, that focus on
single aspects, we do not know of any approach, that
performs a full lateral and vertical trajectory assess-
ment and optimization while considering direct oper-
ating costs and emissions as detailed as we will pro-
pose in this paper, and which also includes realistic,
aircraft specific flight performance data. Especially
the complex balance between very different multi-
ple criteria is a fairly detailed topic that needs much
more attention to improve the ecological impact of
aviation.

Thttps://www.eex.com (accessed 09/12/2016)

1.2. Outline

The next section will present the software architec-
ture of our tool and employed algorithms, as well as
the single modules. Next some use cases will be
shown that are representative for the applicability of
TOMATO. Afterwards we will discuss shortcomings,
give an outlook for further development and draw a
conclusion of our work.

2. TOOL ARCHITECTURE

The architecture of our simulation tool is very modu-
lar which makes it easily extendible. There are three
main processing modules around which the Input /
Output (I/0) components are arranged. Everything
is glued together by the TOMATO framework which
coordinates data transfer from input over processing
to output components. Fig. 1 presents the overall ar-
chitecture and illustrates the single modules as well
as the data flow between.

Input data can be divided in three categories:

Natural environmental data provide information
about circumstances like weather including
wind speed and direction, relative humidity
but also atmospheric conditions, e.g. tem-
perature and pressure. Besides providing
real weather information in GRIB2 (Gridded
Binary 2) data format, it is possible to perform
calculations under International Standard At-
mosphere (ISA) conditions. For our research,
we use historical data provided for free by the
National Weather Service NOAA 2.

Artificial environmental data on the other hand
comprises information about men-made con-
ditions like airspace structure, restricted areas,
cost charges (air traffic controller (ATC), air-
ports, crew, etc.) and other parameters.

Scenario data gives all the information that are ded-
icated to a single run configuration. This com-
prises city pairs for which trajectories should
be calculated, the aircrafts to serve these
routes, including individual performance and
emission data, as well as service specific pa-
rameters like amount of payload, fuel, passen-
ger (PAX), and so on. Additionally the scenario
data set includes general simulation parame-
ters like step size, output directory, etc.

After processing, output data can be saved in dif-
ferent ways like into database and/or on filesystem.

2http://nomads.ncep.noaa.gov
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Figure 1: Architecture of TOMATO

Albeit being configurable, those data will contain tra-
jectory information like latitude, longitude and alti-
tude along the route but also the aircraft’s state at
each step, emitted pollutions and numerous cost val-
ues, as well as an overall rating of the trajectory. Be-
sides plain data output, some gnuplot® scripts are
getting generated, which allows to conveniently plot
the lateral path and vertical profile as well as some
environmental data of the generated trajectories.

In the following subsections, the main components
for generating and assessing trajectories will be dis-
cussed in detail. A fully integrated 3D trajectory
optimization is a very complex task, which we de-
cided to split into separate lateral and vertical com-
ponents, which allows to iteratively converge to an
optimum.

2.1. Lateral Path Finding

The first step of our iterative trajectory optimization
process is to find a lateral flight path. For this step

3http://gnuplot.info

neither detailed performance data nor the exact ver-
tical profile is available, wherefore some assump-
tions will be made especially regarding parameters
like average cruising speed, altitude and costs per
time unit. In each iteration those values may be re-
fined after assessing the resulting trajectory.

The lateral path finding module employs the A* algo-
rithm which is an optimal path finding solution [14].
It requires a graph to work on, which is achieved
by overlaying the world with a virtual grid where
cells can be seen as nodes that are connected via
a neighborhood relation. These relations represent
the edges of the graph. There are several grids
available, from a simple square grid over a real-
world lat/lon one up to complex hexagonal geodesic
grids. Via configuration parameters it is possible to
control the grid’s resolution and thus find a trade off
between accuracy and runtime.

Determining which path is the best one requires to
assess the costs of movement between nodes. The
A* algorithm necessitates that the edges which con-
nect nodes carry some positive costs. As outlined,
the actual costs of traveling from one point in space



to another one are mostly unknown at this time. Only
those dependent on distance or determined from
fixed parameters, can be calculated yet, e.g. ATC
en-route charges. Other factors, especially flight
performance related ones like fuel burn and travel
time, will be computed afterwards when creating the
vertical profile and assessing the trajectory.

To be very flexible regarding considered cost fac-
tors, TOMATO allows to stack multiple layers rep-
resenting different costs. A basic price for move-
ment is calculated by using the distance between
nodes, an average cruising speed and some cost
factor per time unit. These assumptions are neces-
sary because a detailed evaluation of flight perfor-
mance and trajectory assessment can be made in
steps two and three. Our iterative process allows to
use these results as input for a refined optimization.
Nevertheless, there are some influences on the tra-
jectory that can be considered in detail even at the
first step. A rather obvious one is the effect of winds,
which has a direct impact on the aircraft's ground
speed and thus on travel time.

Another cost factor, that is independent of actual
flight performance and travel time are ATC charges
which are related to distance. Especially in Euro-
pean air space, where these costs are very het-
erogeneous, it is appealing especially to lateral
optimization to avoid expensive areas in favor of
cheaper ones, even if wind conditions are not op-
timal on this track anymore. The calculation of costs
for ATC services is depicted in section 2.3. Fur-
thermore it is possible to define areas of prohibited
airspace, where no aircraft shall be operated. The
appropriate layer will account an infinite cost value
for those areas to ensure the path finding algorithm
will never choose a way through these ones.

When it comes to ecological optimization, contrails
can have an appreciable influence on trajectories,
because such formations have a rather large effect
on climate, compared to emissions which are tra-
ditionally considered. Whether contrails occur or
not depends on two criteria that need to be greater
than or equal to 1, namely the Schmidt-Appleman-
Criterion and the relative humidity over ice [15].

While the first one is tightly coupled to actual flight
performance (cf. section 2.2), the latter is purely de-
pendent on environmental conditions, i.e. tempera-
ture and relative humidity. Therefore it can be con-
sulted to estimate which areas are in favor of contrail
formation and should be avoided during lateral path
finding. According to Schumann [15], the relative hu-
midity over ice ¢;.. can be derived from the one over
water (¢wqterr) @s Well as the current temperature, as

shown in eq. (1).

e*
¢ice = d)water * 1;+ter (1)
ice

et = oo (KixT' 1)+ K4 In(T) @)

Here e} designates the saturated vapor pressure
over water (e}, .;.-) and ice (e}.), respectively, as
presented by Sonntag in [16]. The coefficients nec-
essary for each calculation are specified in table 1.

Table 1: Coefficients of vapor pressure formula [16]

Coeff' e;ate'r e;(ce
Ky —6.0969385 x 10°  —6.0245282 x 10°
K 16.635794 24.721994
K, —2.711193 x 1072 1.0613868 x 1072
K3 1.673952 x 1075  —-1.3198825 x 10~°
K4 2.433502 —0.49382577

Besides lateral avoidance of areas with high like-
lihood for contrails, our tool can use maneuvers,
which we call steps, to dive underneath those re-
gions. An application for this is presented in sec-
tion 3.2.

2.2. \Vertical Flight Profile

After a lateral path is found, a vertical profile needs to
be generated in step 2. This adds another dimension
to our optimization process. Now we can also vary
parameters like speed, altitude, climb gradient, etc.
with a direct influence on the profile and therefore on
the aircraft's emissions and the costs.

To allow a high quality optimization and assessment
of trajectories, it is crucial to employ a precise flight
performance model, as well as an emission model
that is able to determine an aircraft’s climate effec-
tive emissions. In TOMATO we therefore utilize the
Compromised Aircraft performance model with Lim-
ited Accuracy (COALA), developed by Rosenow et
al. [4]. An aircraft is simulated to fly along the path
calculated beforehand. To achieve a realistic flight
performance, COALA utilized the Base of Aircraft
Data (BADA) database Family 4 [17] or falls back
to version 3.6 [18] if an aircraft is not available in
the first case. The constrained precision of BADA
[19] is responsible for the also limited accuracy of
COALA. Additionally the trajectory is optimized in
discrete time. As a trade off between accuracy and
performance, a simulation step width of 1 second
showed to be an acceptable choice.



The calculation of a trajectory is divided into vari-
ous phases: start, climb, cruise, descent, whereof
the second one is split into an initial part width max-
imum climb angle and a second one with maximum
climb gradient. There is currently no landing imple-
mented, because there is no potential for optimizing
this phase and safety is very critical in this stage of
flight. For every time step, a target speed is calcu-
lated which the aircraft converges to by employing a
PID controller that in turn uses the aircraft’s lift coef-
ficient as regulating variable.

During start phase the maximum available thrust
MTO is derived from maximum climb thrust MCL
using eq. (3), according to [19]. Actually, the full
thrust is required in very rare cases. Therefore it will
be scaled with respect to actual takeoff mass. Af-
ter lift off, the thrust setting will be maintained until
minute 3 of flight after which it is reduced to climb
thrust.

MTO = 1.33« MCL 3)

The climb phase depicts a continuous climb opera-
tion (CCO) [20] and comprises two stages [21]. In
the first, a maximum climb angle is maintained un-
til the aircraft reaches an altitude of 10.000ft. This
correlates to the maximum gain in altitude per dis-
tance over ground. Above 10.000ft, climb rate is
maximized which accords to a maximum gain in al-
titude per time unit. This behavior can be influenced
by a factor that determines what portion of thrust en-
ergy will be invested in kinetic and potential energy,
respectively.

In cruise, the target speed is derived from maximum
specific range Rgpe. UsiNg eq. (4) [22]. The specific
range gives the distance that can be gained out of
a certain amount of fuel. It depends on the aircraft’s
speed vr4g and the fuel flow ni.

45 4)
my
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The last segment of a flight is implemented as con-
tinuous descent operation (CDO) [23]. The top of
descent (TOD) is estimated by a simulation of the
descent phase at every step during cruise. At this
point, thrust is reduced to zero and an idle fuel flow
is taken from BADA data. A high lift-to-drag ratio
is aspired to maximize glide ratio and therefore also
maximize the descent distance which in turn leads to
a long phase of idle thrust and minimum fuel burn.

RSpec =

Together with COALA there comes an engine model
that allows to calculate the aircraft’'s emissions dur-
ing flight. These are determined for every single step
of a simulation run, because their climate effect is
dependent on the region where they are emitted (cf.
section 2.3.2 and table 2) and cannot be integrated
over the whole trajectory. For products of complete
combustion (i.e. CO,, H,O, SO,, H,SOy4), a propor-
tional relation to fuel flow is assumed, according to
Lee et al. [24]. Products of incomplete combustion
(i.e. NOy, CO, Hydrocarbons) are determined by use
of the Boeing-2 Fuel Flow method [25].

Another advantage of the engine model is the pos-
sibility to test the Schmidt-Appleman-Criterion, that
is required to determine if contrail formations occur.
It's based on environmental conditions like tempera-
ture, pressure, and relative humidity, as well as cur-
rent performance data, i.e. thrust, speed, and fuel
flow. A critical threshold temperature is calculated,
as presented in detail by Schumann in [15].

If, at the aircraft’s current location, the ambient tem-
perature is below this threshold temperature and ad-
ditionally the relative humidity over ice is above 1 (cf.
section 2.1) at the same time, condensation trails will
arise.

2.3. Trajectory Assessment

Assessing a trajectory means to calculate various
properties that can then be used to compare it with
other trajectories. This gives the possibility to tell
which one is better than another one and thus find
the optimal trajectory. Because these properties are
of very different kind — from flight time, over fuel burn
and emissions, up to contrail formation — there is an
urgent need to transform those into a common unit
to make them comparable and be able to find a trade
off between.

Besides following the law and regulations, money is
the most influencing factor in an airline’s decision-
making process. By translating a trajectory’s proper-
ties into a monetary value, it is possible to calculate
the overall costs and find an optimal solution by mini-
mizing those. Weighting properties differently allows
to change their individual influence on the global as-
sessment. Single costs can be categorized into two
main groups, which allows to differentiate econom-
ical and ecological costs and thus find a trade off
between environmentally beneficial and cost optimal
trajectories.

2.3.1. Direct operating costs

The main cost driver in today’s planning processes
of airlines are direct operating costs and great ef-



fort is spent to minimize those. First of all, these
are mainly time dependent costs like crew’s salaries,
maintenance costs, deprecation rates, and direct or
indirect compensations for delays. Using eqgs. (5)
to (7), those costs can be calculated by multiplying
flight time with a factor, which we call cost rate R [%] .
The linear equations were parameterized by statisti-
cal analyzes of long term data.

Crime = triight * (NPitot * Rpijor+

NSteward * Rstewardt

RDepTecmﬁion""
R]Waintenance) (5)
with
RDep’recation =8.1x npax — 96 (6)
R]\laintenance =23 % npax + 309 (7)

Delay costs are calculated using eqgs. (8) and (9).
Those become relevant if trajectories, that are eco-
logical optimized, lead to delay in flight schedule
compared to a primarily cost optimized trajectory.

ODelay = tDelay * RDelay (8)
RDelay = 0.35285 * npax — 6.874 (9)

Besides those time dependent costs, insurance
rates, for example, are hooked on the distance trav-
eled. In TOMATO we use eq. (10) to determine
these costs.

CInsurance =0.03*npax * d (10)

Fuel consumption is another rather large position
that goes into the category of direct operating costs.
Its influence is tightly coupled with the current fuel
price compared to time dependent costs. This will
also influence the optimization strategy. If fuel price
is high, the trajectory will be designed to minimize
fuel burn, the other way around it will be optimized
to minimize flight time. The fuel costs of a trajec-
tory can be calculated using eq. (11) and inserting
the total amount m,.; [kg] of fuel burnt during flight

as well as the current price Ry [k%] Additionally
handling costs of around 20 % are incurred.

CVFuel =12x% M fyel * Rfuel (11)

Charges demanded by ATC providers for their ser-
vices are another big cost factor. For the European
airspace unit rates are published by EUROCON-
TROL [26]. These rates are very heterogeneous
as every state has its own individual one and which

therefore have an noticeable influence on trajecto-
ries [27]. Inserting the published charges R together
with the total distance d [km] traveled over a certain
area into eq. (12), ATC en-route costs for this part of
the trajectory can be calculated [28].

MTOM d
~50 o0 FfEer  (12)

Carcen, =
Besides these en-route charges, there are also fees
for using airports and airport services. These costs
do not account for trajectory optimization because
start and destination are fixed. However, to ensure a
comprehensive assessment, using eq. (13) our tool
will calculate those, too [29].

MTOM

0.7
50 ) * RAirport (1 3)

CATC psrpore = <

Summing up egs. (5), (8) and (10) to (13) results in
the total direct operating costs. We also call those
the Cost Performance Indicators (CPIs).

2.3.2. Ecological costs

Translating the amount of emissions into monetary
values is achieved by employing a two step process.
First we convert every emission into an equivalent
amount of CO5 using their individual global warming
potentials (GWPs). This value expresses the pro-
portion of climate effectiveness between a specific
emission and the same amount of CO, [30]. Tab. 2
presents the values used in TOMATO to transform
all the emissions (represented as mass m. [kg] of
emission ¢) into a single amount of equivalent CO,

(Megco,) Using eq. (14).

Table 2: GWP for different emissions

Emission | GWP (100)
CO; 1

NO, [31]1 | 25-110
co® 3] | 16-18
H,0 © [32] | 0.023-7.0
Black Carbon @) [32] | 480-510
H,SO, [24] -40

Ovalues are location dependent

> (GWP.xm) (14)

Emisston

MeqCc O, =

Assessing the influence of contrail formation by a
monetary value is more complex because they are



not measurable in terms of weight rather than time.
Lee et al. identified the CO, equivalent amount of
contrail formation to be 135 x 102 Tg in 2005 [24].
Given an amount of 42 million flight hours in the
same year [33], whereof 10 % lead to contrail for-
mation [34], one can determine a GWP for contrails
of nearly 32 CO,-equivalent tons per flight hour as
depicted in eq. (15).

135 % 10124

GW P, ontrail = T 1 o 1nah
Contratlt =0 1 5425 1062

(15)

t
=32.14—
h

After calculating a total amount of (equivalent) CO,
emissions, those can be transferred into a cost value
via the European Emission Trading Scheme (ETS).
An ETS certificate gives the price per ton of CO5 in
Euros (Cgrs). Summing up all the emission’s prices
by applying eq. (16) gives the total ecological cost
of a trajectory. In dependence on the CPIs, envi-
ronmental costs are called Ecological Performance
Indicators (EPIs).

Crpr = Cgrs * (Meqco,+
GWPContrail * tCon,trail) (16)

3. APPLICATION

TOMATO is a very comprehensive toolchain that can
be used in various scenarios to investigate differ-
ent approaches of improvement regarding a more
ecological operation of aircrafts. It's applicability
reaches from optimization of single trajectories up to
the assessment and optimization of full airline net-
works. In the following section we briefly present
some use cases for which we employed our soft-
ware successfully. Some of those scenarios could
even be validated in conjunction with a group of ex-
ternal experts from a German airline.

3.1. Rising ETS costs

As stated previously, todays prices for ETS certifi-
cates are very low. The direct operating costs over-
shoot emission costs by orders of magnitude. Fig.
2 visualizes the proportion between EPIs and CPls.
In the top diagram, plain CO, emissions are re-
garded only. The bottom one shows the effect if all
emissions get considered using their GWP values.
Therefore we need to raise the influence of ecologi-
cal factors on the costs and thus the optimal trajec-
tory. This is achieved by assuming a price of 65€
per ETS certificate [21], which raises the impact of
ecological costs to ca. one third of direct operating
costs.

10
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Figure 2: Share of emission costs compared to di-
rect operating cost. Top: regard CO, only, Bottom:
consider all emissions

3.2. Contrails

Using these figures, we are able to investigate the
effect of contrails on trajectories, as well. Fig. 3
presents four different levels of optimization. In
the base scenario, there is no avoidance behavior,
which only minimizes direct operating costs. The
blue areas visualize regions of high relative humidity
over ice (cf. eq. (1)) and therefore high likelihood for
contrail formation. While at lower altitudes the tem-
perature is too high for actual formations, at cruise
altitude contrails occur, as the costs for this kind of
emission denotes. Therefore, the firstiteration of op-
timization is going to avoid the area around the top
of climb, which leads to slight increase of direct op-
erating costs and general emission costs, but at the
same time, safes much more costs concerning con-
trails. The same effect can be seen if also avoiding
the mid-cruise area of contrail formation. We could
show, that it is even worth to climb after this seg-
ment, than flying on a non-optimal altitude until the
TOD.

As presented in detail in [35], we could furthermore
show that laterally avoiding condensation trails lead
to much more costs than performing those steps and
diving underneath affected areas.
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Figure 3: Different trajectories and cost values during optimization of contrail avoidance. Blue areas are regions

of high ice saturation with favor for contrail formation.

We examined a lot more scenarios, like optimiza-
tion of airline networks and flight schedules [21] and
the influence of ATC en-route charges on trajecto-
ries [27]. Using the capabilities of our flight perfor-
mance module COALA, we could investigated the
effect of variations in climb gradients in favor of a
better aircraft configuration at the top of climb and
the transition into cruise [36].

4. CONCLUSION AND OUTLOOK

We can conclude that our tool can do real 3D tra-
jectory optimization (lateral and vertical) of multiple
criteria under consideration of many different influ-
ences. It is very flexible because of the modular
architecture which allows to easily exchange mod-
ules or add new ones. The ability to modify lots of
parameters like weather, contrails, fees, cost rates,
etc. gives us the possibility to investigate a great
amount of different scenarios and cover lots of use
cases, which can contribute to a much more envi-
ronmentally friendly operation of aircrafts.

In the list of considered emissions, a quite impor-
tant one, especially in regions around the airport, is
missing: noise. Because we are looking at whole
trajectories, even from the start on, the affected
area is of rather small significance compared to a
whole flight. We suggest that approach and depar-
ture procedures should instead be investigated sep-
arately.

Our effort will flow into the improvement of the
toolchain. To retrieve more accurate results, the res-
olution of the grid has to be increased, which raises
the requirements on processing power a lot. Meth-
ods need to be investigated that allow to speed up
especially the lateral path finding module. Another
direction would be to do a real integration of lateral
and vertical optimization into a single step by using
continuous methods like optimum control, instead of
the grid based one we employ currently.

An additional result of trajectory optimization that
has not been considered yet, is the influence on
safety aspects. In a free flight environment there
is much more space available for every single en-
tity, which in turn should lead to increased separa-
tion and therefore also in higher safety values. On
the other hand, there may be regions of high interest
for an optimized trajectory. Such an area could be
the jetstream which will surely retain its desirability
that it has today. Another procedure may become
of interest if ETS prices increase and even contrails
account for emissions covered by those certificates:
diving underneath areas that are in great favor of
contrail formation. Vertical separation infringements
may be a direct result of this. To account such is-
sues, we will add models to our toolchain that are
able to assess the safety of trajectories, especially
their interaction with each other.
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