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Aircraft trajectory optimization be mitigated using aircraft trajectory optimization. However, adopting independently optimized
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trajectories may not be operationally feasible for the air traffic management system due to
the associated impacts on the safety, demand, and complexity of air traffic. This study aims
to explore the effects of employing climate-optimized trajectories on air traffic complexity in
terms of the number of conflicts and propose a strategic resolution based on speed change to
resolve the conflicts that arise. A scenario with 1005 flights is considered as the case study.
The results indicate that the adoption of climate-optimal trajectories increases operational cost
and the number of conflicts. Employing the proposed resolution algorithm, it is shown that the
conflicts can be resolved by accepting slight increases in climate impact and cost.

1. Introduction

The aviation sector’s contribution to global warming requires the consideration of both carbon dioxide (CO,) and non-CO,
emissions. The agents of non-CO, emissions that contribute to global warming include nitrogen oxides (NO,), sulfur oxides (SO,),
carbon monoxide(CO), unburnt hydrocarbons (HC), particulate matter (PM), soot, water vapor (H,0), and persistent contrail
and contrail-cirrus formations (Lee et al., 2021). The climate impact of non-CO, emissions, though still needs further scientific
understanding, has been claimed to potentially be two times higher than CO,, in which the highest contribution corresponds to
contrails in terms of radiative forcing (Lee et al., 2021). The effects of non-CO, species on climate depend directly on the geographical
location, altitude, and time of the emissions (Lee et al., 2021). Consequently, their impact can be potentially mitigated with
operational strategies, especially aircraft trajectory optimization (Matthes et al., 2020). Interested readers are referred to Simorgh
et al. (2022) for a recent, comprehensive survey on climate-optimal aircraft trajectory planning.

Mitigation of non-CO, climate impact in the aviation context requires, to start with, information on sensitive regions to climate
impact. Within the EU-project ATMA4E, algorithmic climate change functions (aCCFs) were developed to identify such areas. The
aCCFs take atmospheric variables, including geopotential, potential vorticity, and outgoing longwave radiation, from standard
weather forecasts and quantify the climate impact caused by each species in terms of average temperature response (ATR) (Matthes
et al.,, 2020). The analysis of the potentiality to mitigate the climate effects of non-CO, emissions employing aCCFs has been
investigated in several studies (see Simorgh et al. 2022 and references therein).

Despite the numerous studies devoted to the exploration of climate impact mitigation potential at the micro-scale (trajectory
level), the consideration of climatic impact at the network scale is still lacking and has been identified as a scientific gap (Simorgh
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et al., 2022). Indeed, the ATM network system is a multi-agent system that cannot be characterized by individual elements but
by their collective behavior at the network scale. Therefore, considering climate impact at the trajectory scale without analyzing
its effects at the network scale does not reflect real operational scenarios. To this end, a climate-oriented ATM system should
necessarily consider network effects such as, just to mention a few, safety, complexity, resiliency, and capacity-demand balancing.
For instance, adopting independently optimized aircraft trajectories to mitigate the climate impact may result in more congested
airspace around climate-sensitive areas, raising some challenges, particularly the increase in workload, complexity, and the number
of conflicts. Consequently, this would result in capacity-demand imbalances. In this respect, the assessment of how the climate-
optimal trajectories affect the ATM system requires network-related indicators. So far, many indicators have been proposed in the
literature to describe different aspects of the ATM performance, including workload (Socha et al., 2020), complexity (Prandini et al.,
2011), and resiliency (Jaksi¢ and Jani¢, 2020). Among all the mentioned indicators, in this paper, we focus on complexity. Though
there is not a universal agreement on the complexity definition, it can be defined as a measure of difficulty and required effort
to manage air traffic in an efficient and safe manner. Many metrics have been reported in the literature to evaluate complexity,
such as adjusted density (Pejovic et al., 2020), traffic density (Hilburn, 2004), and the number of conflict (Allignol et al., 2017). In
this respect, Hilburn (2004) conducted a review in which up to 100 different complexity indicators were reported to model traffic
complexity either individually or with linear or non-linear combinations.

Besides the potential negative effects of adopting climate-optimal trajectories on air traffic performance, rerouting sensitive areas
to climate increases the operating costs compared to the “Business-as-Usual” (BAU) trajectories as the aircraft tends to fly longer
routes. In this respect, two main incentives are generally required for airliners to adopt climate-optimal routes: (1) manageability
of air traffic in a safe and operationally feasible manner, and (2) acceptability of operating costs. The focus of our study is aligned
with the first motivation, i.e., manageability of the adverse effects of considering climate-optimal trajectories on the ATM system’s
performance. However, regarding incentives associated with the operating cost, there is a need for climate policy (NiklaR et al.,
2019). Although the emission of CO, is included in some market-based instruments such as emission trading schemes (ETS), it is still
lacking for non-CO, emissions. Several studies have been proposed in the literature aiming at setting up market-based instruments for
aviation non-CO, climate effects (see e.g., Nikla} et al. 2021 for the concept of climate-charged airspace). If taxes are considered
for emitting in highly sensitive regions to the aviation-induced non-CO, climate effects, the climate-optimal trajectories will be
economically beneficial.

Given a set of climatically-optimal trajectories, one can summarize the open problems as follows: (1) assessment of the fostered
effects of considering climate impact at the network scale, (2) proposing resolution strategies to compensate for the arisen negative
impacts due to the consideration of climate impact. In light of the challenges described above, as a preliminary step, we aim
to investigate the effects of adopting climate-optimized trajectories on traffic patterns and then propose a resolution strategy to
counteract the adverse consequences. The number of conflicts as an important indicator of complexity and safety is considered and
included in the objective function to be minimized with respect to minimum deviation from climate-optimal trajectories.

In literature, though not related to the consideration of climate impact, one can find different selection of decision variables and
objectives to solve the resolution problem at network scale with various solution approaches including meta-heuristic (Courchelle
et al., 2019), learning-based (Tran et al., 2019), mathematical programming (Pelegrin and d’Ambrosio, 2022), and gradient-based
methods (Hernandez Romero, 2020). In this paper, simulated annealing is employed as the solution approach to resolving the
conflicts, considering the speed profiles as decision variables. The problem of resolving arisen challenges associated with employing
climate-optimal trajectories can be stated as an optimization problem to generate new sets of trajectories with respect to the following
two objectives: (1) adherence of modified trajectories to the climate-optimal ones as an indicator of climate efficiency, (2) resolution
of the arisen negative impacts due to the consideration of climate impact (e.g., complexity, conflict, and workload). The decision
variables in this optimization problem can be the speed profile, lateral path, altitude, departure time, and a combination of them.

To consider a network-scale traffic scenario, we use the information of the Eurocontrol’s Demand data repository (DDR2) dataset'
(e.g., origin, destination, time, cruise altitude) and limit the dataset to the flights in an area of airspace mainly covering Spain
and Portugal for four hours, yielding 1005 flights. We employ the aCCFs reported in Yamashita et al. (2020) for quantifying the
climate impacts of CO, emission and different non-CO, species. The predicted climate impact quantified using aCCFs and aircraft
trajectories are affected by uncertainties in atmospheric variables. Due to the propagation of uncertainties at the network scale,
ignoring such possible deviations in the estimated aircraft performance and climate impact can result in unreliable mitigation
potential and inaccurate conflict assessment. To have a quantification of uncertainty, we make use of the ensemble prediction
system (EPS), providing N pg probable realizations of weather variables (WMO, 2012). The trajectory optimization is performed
by taking the mean values of ensemble members for each flight using the direct optimal control approach, considering different
user-defined routing options ranging from cost to climate-optimal ones. Then, the ensemble trajectory prediction is proposed to
reflect the uncertainty associated with the weather forecast on the optimized trajectories. The effects caused by considered routing
options are assessed in terms of the number of conflicts by employing a grid-based conflict detection algorithm. Due to variability
in the components of wind within the EPS weather forecast, there exist some degrees of uncertainty in the time aircraft fly the
determined trajectories. To this end, the conflict assessment is performed in a probabilistic manner. It is shown for the considered
scenario that by moving toward trajectories with lower climate impacts, the number of conflicts increases due to the congestion
around climate-sensitive areas. As changes in the traffic patterns due to adopting climate-optimal trajectories increase the number
of conflicts that may not be manageable at the tactical level, resolution strategies are required to improve the safety level of the

1 https://www.eurocontrol.int/ddr
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Fig. 1. Overview of the methodology.

airspace by strategically resolving the encountered conflicts. The resolution algorithm should generate new maneuvers that are
safe, in terms of reducing the number of conflicts, and efficient such that the new trajectories remain as close as possible to the
climate-optimal ones. As this problem is a large-scale optimization problem including many decision variables, we rely on SA as the
solution approach. To avoid blindly decisions making, we inform the SA algorithm by defining an efficient neighborhood generator
function.

The structure of the paper is organized as follows. The problem statement and modeling are presented in Section 2. The approach
to optimize micro-scale trajectories is stated in Section 3, and Section 4.1 presents the technique employed for calculating the number
of conflicts. In Section 4.2, a deconfliction algorithm is proposed for the resolution process. The simulation results considering 1005
flights are provided in Section 5. Section 6 closes the paper by presenting some concluding remarks and our planned works for the
future.
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2. Problem statement and modeling

In this study, our goal is to determine network-wide climate-optimized trajectories within two layers shown in Fig. 1. In the first
layer, we optimize each trajectory independently in a climate-friendly manner. The performance of the determined climate-optimal
trajectories in terms of the number of conflicts is assessed in the second layer, and a resolution strategy to resolve the encountered
conflicts is performed within an optimization framework. In this respect, we briefly present the items needed to formulate trajectory
optimization, conflict detection, and conflict resolution problems. These elements are the aircraft dynamical model, climate impacts
associated with aircraft emissions, and uncertainty quantification.

2.1. Aircraft dynamical model

To optimize and predict the motion of aircraft, we use the point-mass model, where the aerodynamics and performance of aircraft
are given by the BADA model (BADA 4 in this study Gallo et al., 2006) (Gonzalez-Arribas et al., 2017):

dp  (vcos y +wy)

‘dt = Ry+h

di vsiny +w,

dar (R + h)cos @ (€D)]
d 1

d—'; = ;(T(CT) ~ D(m, v))

d

T =l

In Eq. (1), ¢ is the latitude, A is the longitude, A is the altitude, m is mass, R,, and Ry represent the radii of curvature of ellipsoid
and meridian and prime vertical, respectively, f, is the rate of fuel burn, T is the magnitude of thrust force, D is the magnitude of
drag force, Cy is the thrust coefficient, v is the true speed, (w,,w,) are the wind components, and y is the heading angle. In this
representation, the state and control vectors are defined as

xz[(p A v m],

(2)
u= [)( CT] .

2.2. Climate impact

To include the climate impact associated with aircraft emissions in the trajectory planning, the algorithmic climate change
functions (aCCFs) reported in Yamashita et al. (2020) are adopted. These functions, developed during the EU-project ATM4E, take
the meteorological variables as input and quantify the climate impacts due to the emissions of CO,, NO, and water vapor, and the
formation of persistent contrails in terms of average temperature response (ATR) over a period of 20 years (ATR20). The interested
readers are referred to Yamashita et al. (2020), van Manen and Grewe (2019) for the detailed description of these functions.

2.3. Uncertainty

The climate impact of non-CO, emissions highly relies on meteorological conditions, including temperature, relative humidity,
and outgoing longwave radiation (Matthes et al., 2020; Yamashita et al., 2020). Therefore, a factor that can affect the reliability of
the quantified climate impacts is the quality of the weather forecast (Matthes et al., 2017). The weather forecast is inevitably uncer-
tain (Bauer et al., 2015), which can also affect the aircraft trajectories due to dependency on wind and temperature (Gonzalez Arribas
et al., 2020). Ensemble prediction systems (EPS) have been introduced to quantify the uncertainties associated with the weather
forecast, providing a collection of N pg different realizations of weather situations called ensemble members. Forecasts within EPS
can be obtained using different techniques. For instance, in one approach called ensemble data assimilation, the initial conditions
or/and parameters of models used in producing forecasts are perturbed.

3. Climate-optimized trajectories

The proposed aircraft trajectory planning approach for considering climate impact is presented in two steps: trajectory
optimization and, then, trajectory prediction considering atmospheric uncertainty (to quantify the associated uncertainty in the
aircraft trajectory and its climate impact).
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3.1. Trajectory optimization

In the optimization step we take the mean values of the ensemble weather variables and solve the trajectory optimization problem
in a deterministic manner using the aircraft dynamical model given in Section 2.1 with the following objective function and boundary
and path constraints:

1. Objective function:

ty, S
J =CI|C, - [t; —to] + Cf - [mlty) - m(tf)]] +C- EI/ ! ) ATRI (1, x(1), u(®))dt,
. o =1

SOC

(3)

ATR

for i € {CH,, Contrails, O5,H,0,CO,}, where x(r) and u(r) are the state and control vectors, respectively, and SOC is the
simple operating cost (Yamashita et al., 2020). ATR"*®" is the ATR for the agent i calculated from considering mean values
of ensemble members. The ATR for different non-CO, species are calculated as follows:

ATRo, (1, x,u) = 1073 x aCCFo, (t.x) - Elyo, (0, x,w) - f ()
ATRy, (1,%,u) = 107 X aCCFey, (1,) - Elyo, (1, X, 0) - £, ()
ATR Gonraits (1. X) = 107 X aCCFconeraits (1. X) - Uy (t)

ATRy, (1, x,u) = aCCFy, o (1, X) - f.(u)

(€))

where v, is the ground speed and Ely, (7, x, u) is the NO, emission index calculated using Boeing Fuel Flow Method 2 (DuBois

and Paynter, 2006). To explain how the ATR[™*®" for the agent i is calculated, let us consider aCCF of water vapor. According

to Yamashita et al. (2020), aCCF of water vapor depends on the meteorological variable potential vorticity. Since within EPS,

we are provided with Njp¢ forecasts, Npg different aCCFs can be calculated for water vapor. Thus, ATRE;S“(-) indicates
that the ATR is calculated from considering the average of aCCFs obtained from different ensemble members. As can be seen,
the defined objective function considers both climate impact and cost. Normally, there exists a trade-off between these two
objectives. Weighting parameters environmental index (EI) and cost index (CI) determine the importance of these objectives
compared to each other. Moreover, constant parameters C, and C, are used for allowing different explanations of cost, and
C adjusts the order of climate impact with cost.

2. Path constraints:

Ucas.stall S Vcas®) S Ucas max
CT,min < CT < CTA,max (5)
M(Utas) S Mmax
where M is the Mach number and vy, is the calibrated airspeed.
3. Boundary constraints:
[(P, A, U] 0) = [(Po, Ao, Uo]
[(P, 4, U](tf) = [(Pf,/lf,vf] (6)
m(0) = my.
The direct optimal control approach as an efficient technique for solving highly nonlinear dynamical optimization problems
with different sets of constraints is employed to solve the formulated trajectory optimization problem (Simorgh et al., 2022). In this
approach, the dynamical optimization problem (trajectory optimization problem in our case) with the objective function, dynamical

model, and different types of constraints (e.g., path and boundary constraints) is transcribed to a nonlinear programming problem
(NLP) represented with the following general form (Betts, 2010):

min  Jyp(O) g
st &,D=0 i=1,...n, ®
() <0 i=1,...,n ©

where the vector © € R" includes the decision (or NLP) variables, and equality and inequality constraints are represented by
Egs. (8) and (9), respectively. The optimal solution to the original dynamical optimization problem is obtained by solving the
resulting discretized problem. The NLP problems can be solved using various techniques, such as gradient-based and meta-heuristic
methods. Moreover, several efficient software packages, including IPOPT (Biegler and Zavala, 2009) and SNOPT (Andrei, 2017),
exist for solving such a class of optimization problems. Interested readers are referred to Betts (2010) for more details on the direct
optimal control approach.

After solving the trajectory optimization problem, an optimal trajectory for the aircraft ith is received and denoted as T :=
(@7, A7, 07

i
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3.2. Ensemble trajectory prediction

In the prediction step, we evaluate the performance of the optimized trajectory 77 := (¢?, 4?,1?) for all ensemble members. First
of all, we assume a unique lateral path and speed profile (obtained from trajectory optimization) for all ensemble members. The
consideration of a unique lateral path implies a constant aircraft course (y°). In this case, the uncertainty will affect ground speed

as:
m _ 2 2 m
Ugs—\/v +w +w?, 10)

where (w,, w,) is the decomposition of wind along the along-track and cross-track directions and ()" denotes the ensemble member
m. The uncertainty in ground speed affects the time aircraft flies the trajectory through

dt”'l

ds
where " is the flight time associated with the ensemble member m and s is the distance flown along route. The fuel consumption
is also predicted in a similar way. Now, we consider the range of uncertainty in the climate impact. For the ensemble member m,
one has

G an

m 5
i
ATR" =/ > ATR (1", x™(t"), u(e™))de™, 12)
1o =1
where the superscript m in x” is due to the calculated ensemble values for aircraft mass within ensemble trajectory prediction. As can
be concluded, the uncertainty due to the weather forecast has been reflected in flight time, fuel consumption, and climate impacts,
resulting N pg different values at each integration step. Different moments of the ensemble distribution can be performed on these
values, such as average and standard deviation. The proposed approach provides valuable insight into the impacts of uncertainty
associated with weather forecasts on aircraft trajectories. For the unique profile determined in the optimization step, the effects of
uncertainty are quantified and reflected on the flight time, fuel consumption, and climate impacts which are included in:
L= ) o N EPS) () m EPS), (0] 0pEPS), (ATR!, ... ATR] £75)). (13)

! i’ 8s;’ ?TES

4. Conflict assessment and resolution

The adoption of independently determined climate-optimal trajectories can result in more congested areas due to the avoidance
of climate-sensitive regions, leading to safety issues, capacity-demand imbalance, and increased complexity and workload within
the ATM system. In this respect, a preliminary step toward finding operationally feasible trajectories within the network scale is to
assess the arisen challenges and then implement resolution strategies to compensate for the adverse effects.

In this study, the impact of employing climate-optimal trajectories at the network scale is assessed in terms of the number of
conflicts (presented in Section 4.1). Then, a resolution strategy is proposed to solve the encountered conflicts (Section 4.2).

4.1. Probabilistic conflict detection

A conflict is defined as an event in which an aircraft loses its standard separation from other aircraft or airspace constraints,
leading to safety degradation. One criterion of standard separation is D, = 5 NM of horizontal distance and H, = 1000 ft vertical
distance. In other words, a cylinder with a 5 NM diameter and 1000 ft height can represent a protected zone for each aircraft that
should not be intersected with other aircraft-protected zones. The aim of conflict detection is to predict probable loss of separation
that may occur in the future at a specific time and position. Conflict detection for large-scale scenarios generally suffers from
computational time since most algorithms compute conflicts pairwise. Moreover, the inputted trajectories for conflict detection
may have some perturbations due to the consideration of uncertainty, such as the ones proposed in Section 3. To deal with the
mentioned concerns (i.e., computational time and uncertainty), we employ the probabilistic grid-based technique firstly proposed
in Hernandez Romero (2020). Within this technique, aircraft trajectories are saved into grids cells (the size of each cell should be
greater or equal to the minimum standard separation) as depicted in Fig. 2 (Hernandez Romero, 2020). One challenge associated
with the implementation of this method is the required memory to store all grids. To deal with this issue, the hash table structure is
employed (Hastings et al., 2005). The hash table extensively reduces the required memory as we neglect empty cells. The conflict
between aircraft k and / is evaluated if their assigned cells are the same or are neighboring. In this case, their distance corresponding
to the ensemble member m is computed at the time instant 4z,. If the computed distance is less than the standard separation, there
exists a conflict, i.e.,
o= 1 if djy <Dy, and A} <H, (14)

K 0 else

where d;; and h,, are the horizontal and vertical distances, respectively. The probability of conflict between aircraft k and aircraft
[ is then calculated over all ensemble members as:

1 Ngps
— m
PCAVk] - NEPS E} pkl (15)

where Nppg represents the number of ensemble members.
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Fig. 2. Grid-based representation of space duplicated with the number of ensemble members.

4.2. Conflict resolution

In resolution strategies, aircraft trajectories are modified to generate new maneuvers that are safe in terms of reducing the number
of conflicts and efficient such that the new trajectories remain as close as possible to the inputted trajectories. In this study, the
resolution procedure is stated as a nonlinear programming problem with the following two objectives, subject to some constraints.

» Minimum deviation of the modified trajectories from the climate-optimal ones.
* Minimum number of high probable conflicts.

These objectives are mathematically modeled and included in the following cost function

N
Jr=BK.Z+(1-p) Y (4v) (16)
i=1
where N represents the number of flights. § € [0, 1] is a weighing parameter that determines the importance of the mentioned
objectives compared to each other, K is the scaling parameter, and X is the number of high probable conflicts defined as

N N .
1 if P.y > P,
=05 Z ZYklv Yu= { M= a7)

k=Lk# 1=1 0 else

where the parameter P, is a user-defined probability threshold that allows users to adjust the level of conservativeness. For instance,
P, = 0 considers all possible conflicts caused by ensemble members (both high and low probability conflicts) to be resolved while
P, > 0.5 only considers those conflicts that occur at least within half of the ensemble members.

The decision variables of the optimization problem are the true airspeed of each flight. The speed change (deviation from
climate-optimal speed) is constrained as:

—0.06 < 4v £ 0.04. (18)

Due to the complexity of the optimization problem (i.e., a large number of decision variables), we rely on the SA algorithm as
the solution approach (Courchelle et al., 2019). The SA algorithm inspired by the annealing process aims at reaching the minimum
energy of metal by rearranging its particles. This algorithm is based on temperature change through the heating and cooling process.
In the heating process, the particles have enough freedom to move around in random directions. By reducing the temperature, they
tend to find a new stable configuration to achieve minimum energy (Dowsland and Thompson, 2012). The SA in optimization
applications uses the same strategy to minimize a defined objective function. A neighbor solution is generated at each iteration, and
its associated cost is compared with the current solution. The generated solution at each iteration is accepted with a probability
that is related to the temperature and difference between the current and new costs. At the beginning of the process, where the
temperature is high, the worse solutions (i.e., the solutions that yield higher costs compared to the previous step) are more likely to
be accepted. The acceptance rate of the worse solutions is reduced within the cooling process. The property to accept worse solutions
provides the ability to avoid getting stuck in local minima and is one of the main advantages of SA over the gradient-based solvers
such as interior-point, and successive quadratic programming (Dowsland and Thompson, 2012).
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For the considered resolution problem, at each iteration, a neighbor solution is generated from the neighborhood function
(presented in Section 4.2.1) and the objective function Eq. (16) is re-evaluated (Jg,). The new cost Jy, is compared with the
current cost J . and accepted with the following probability

1 if Jg,<Jg
P = n = JRe 1
“ {e_”Rvn"M)Tl else. (19

According to Eq. (19) if the cost associated with the neighbor solution is improved, it is accepted, and in the case of degradation,
it is accepted with the defined probability (obtained from Boltzmann distribution).

4.2.1. Neighborhood function

At each iteration within SA, new solutions need to be generated, called neighbor solutions. Here, we propose a neighborhood
function to generate candidate solutions by modifying the aircraft’s true airspeed. To avoid blindly exploring within a large search
space, we inform the algorithm only to modify the trajectories of aircraft in conflict. The proposed algorithm starts from a set of
climate-optimal trajectories (determined in Section 3.1) as initial solution .S, with the cost J . At each iteration, the neighborhood
function generates a neighbor solution .S, with the cost Jy,. The steps to generate a neighbor solution within the neighborhood
function are as follows:

1. two sets of aircraft, including 20 aircraft with more conflicts 2, and 20 aircraft with more deviation from optimal speed £,,
are selected separately,

2. an aircraft to be modified Ac,, is selected with the probability g from the set ©,, and 1 — g from the set 2,. By this setting,
with increasing f, the aircraft with higher number of conflicts are more likely to be selected for the resolution,

3. the airspeed v,, of Ac, is modified within the defined permissible range, and its associated performance I, is re-computed
employing the ensemble trajectory prediction method presented in Section 3.2.

The SA algorithm and the proposed neighborhood function are presented in Algorithm 1.
Algorithm 1 SA Algorithm

Require: N, a, T),, Ty, f
Require: A set of climate-optimal trajectories .S,
Tc <_Tin s ‘IR.c (_JR,O s SB (_SO
while T, < T, do
N, <0
while N, < N,, do
From Sc get subsets 2, and £,.
Get a random number p € [0, 1]
if p < g then
Get random aircraft Ac,, € £,
else
Get random aircraft Ac,, € Q,
end if
Get random number y € [0.96, 1.04]
vl Xy
Predict the aircraft performance I,
Compute Jg,
if Jp, < Jg. then
Replace the new profile of Ac, in S,
J R,c - JR,n
else
Get a random number ¢ € [0, 1]
Pacc « e_(JR~”_JR<")T7]
if 6 < P, then
Replace the new profile of Ac, in S,
JR,L‘ «J R.n
end if
end if
N, < N, +1
end while
T. «T.Xa
end while
S* « S,
Return S*
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5. Simulation results

A case study including 1006 flights is presented to illustrate the applicability of the proposed methodology. In Section 5.1,
the independently optimized trajectories are determined for different routing options. The effects of considering the optimized
trajectories at the network scale are assessed in terms of the number of conflicts in Section 5.2, which is then resolved in Section 5.3.

5.1. Trajectory optimization

The flight data have been extracted from the DDR2 dataset by limiting airspace to an area mainly covering Spain and Portugal
on May 6th 2018 from 12:00 to 16:00. The information regarding the origin, destination, cruise altitude, and flight time have been
provided within the DDR2 dataset. The aircraft models are all considered to be A330-341 with an initial mass of 200 tons. To
model the uncertainty in meteorological variables, the ERA5 data products® containing ten ensemble members is adopted and used
in trajectory optimization and prediction steps. It is worth mentioning that the reanalysis data are not suitable for flight planning
since they are generated from post-processing with observations. Due to ease of availability, we employ this dataset in this study,
however, forecast data with different number of ensemble members can be employed in a similar manner. The extracted flights
are optimized with the direct optimal control approach for the problem formulated in Section 3.1 considering the mean values
of ensemble members for weather variables. We use the Trapezoidal rule to transcribe the original optimal control problem to
the nonlinear programming problem. The resulting NLP problem is then solved using the IPOPT solver in Python, employing the
interior-point method to find the optimal solution. The number of discretization nodes is N,=100. The discretized shortest path
is considered as the initial guess for the optimizer. The trajectories are optimized in 2D airspace for eight different environmental
indices (i.e., EI [-]), considering CI = 1.0 [-], C, = 0.75 [USD/s], C, =0.51 [USD/kg] and C = 10'* [USD/K]. To quantify the
uncertainty on the flight performances due to the ensemble members, the ensemble trajectory prediction proposed in Section 3.2
is implemented. For each weighting coefficient, the computational time to solve the trajectory optimization and prediction for all
flights are approximately 100 min (i.e., 6s per flight) of CPU time. The optimized trajectories for two environmental indices are
depicted in Fig. 3. According to the recent studies employing aCCFs to quantify climate impact (Yamashita et al., 2020, 2021), the
climate effect of contrails outweighs the impacts caused by other species. To this end, the optimized trajectories are plotted with
the aCCF of contrails on different flight levels. Fig. 3(a) shows the pure cost-optimal trajectories (i.e., EI = 0.0). It can be seen that
contrail-sensitive regions are crossed by aircraft. Whereas, as can be observed in Fig. 3(b), these regions are mostly avoided with the
climate-optimal routing option, considering EI = 1.0. For the flight levels with no persistent contrails formation, such as FL280 and
FL300, both routing strategies result almost in similar trajectories. The effects of increasing EI on ATR and simple operating cost
are shown in Fig. 4a, 4b, respectively. As can be seen, higher EIs mitigate the climate impact with a slight increase in the cost. The
errorbars in Fig. 4 show the ranges of uncertainty (standard deviation) due to the ensemble forecast. The Pareto-frontier, showing
the trade-off between climate impact mitigation potential and relative increase in cost, is given in Fig. 4d. It can be concluded from
Fig. 4d that there is a potential to reduce the climate impact by 28% at the expense of accepting 3% increase in cost.

5.2. Conflict assessment

To see how the adoption of climate-optimized routes affects the complexity of the considered network scenario, the number of
conflicts is calculated using the approach presented in Section 4.1. A 4D grid is generated to evaluate the conflicts. The size of each
cell is considered as 0.1° x 0.1° x 1000 /¢ X 1s that is small enough in which no conflict is missed. We define a probability threshold
(P, = 0.5 in this study) to differentiate between low and high probable conflicts. The conflicts with a probability less than 0.5 are
labeled as low probability conflicts and vice versa for high probability ones. The number of conflicts for the considered eight Els
are provided in Fig. 4c, showing that climate impact reduction is achieved at the cost of increasing separation violation. Therefore,
in addition to the cost, the increase in the number of conflicts is another challenge that arises with considering climate impact.
To depict this fact, the geographical locations of conflicts for different routing options are plotted in Fig. 5. From Fig. 5, it can be
concluded that the climate non-sensitive regions with less or no contrails climate impact become more congested with increasing
EL This is because the aircraft tend to fly in these areas to mitigate climate impact, resulting in loss of standard separation between
aircraft. Therefore, there exists a trade-off between mitigating the climate impact and the number of conflicts. From Fig. 4d, one
can conclude that the reduction of climate impact by 28% is achieved at the expense 65% increase in the number of conflicts (for
EI = 1.0). It is worth mentioning that the range of uncertainty in the obtained cost (Fig. 4b) is neglectable. Moreover, most of the
conflicts are high probable ones. One justification for such a low impact of uncertainty is the usage of reanalysis data. For weather
forecast data, the ranges of uncertainty for the same scenario are expected to be higher.

2 https://cds.climate.copernicus.eu/
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Fig. 4. The obtained performances for different EIs. SOC and ATR have been divided by the number of flights.

5.3. Conflict resolution

As was shown, the mitigation of climate impact is achieved at the expense of a significant increase in the number of conflicts
for higher EIs, which may not be resolvable at the tactical level. Therefore, to strategically resolve the encountered conflicts, we
employ the resolution algorithm presented in Section 4.2. To this end, four sets of optimized trajectories associated with different
Els (i.e., EI = 0.0, 1.0, 5.0, 10.0) are selected for the resolution process. For each set of trajectories, the proposed SA Algorithm
1 is implemented in Python for four different weighing coefficients #’s (i.e., # = 0.0, 0.1, 0.5, 1.0) considering K = 200. In this
study, we assign P, = 0.5 for the probability threshold; thus, only the high probable conflicts are incorporated in the cost function
to be resolved. Notice that at each iteration within the resolution algorithm, after modifying the speed of aircraft in conflict, the
total number of conflicts between all aircraft is re-evaluated to consider the domino effect of de-conflicting one pair of aircraft
on the others. The performance of the proposed resolution strategy in terms of climate impact, cost, and the number of conflicts
are depicted in Fig. 6 for different ElIs and f#’s. As can be seen in Fig. 6, for all sets of trajectories corresponding to different Els,
by increasing g, the number of high probability conflicts is reduced by a slight increase in cost and climate impact. The trade-off
between reducing conflicts and relative increases in cost and climate impact is depicted in Fig. 7 for different sets of optimized
trajectories. From Fig. 7, it can be concluded that the reduction of conflicts is achieved by accepting a very small increase in cost
and climate impact. In all cases, by accepting less than 0.5% increase in cost and climate impact, the conflicts are reduced at least
by 20%. It is worth mentioning that by increasing EI, the potential to resolve conflicts is reduced. Finally, the trade-off between
reducing the number of conflicts and deviation from optimal speeds (obtained from trajectory optimization) is depicted in Fig. 8 by
means of Pareto frontiers. The results indicate that the reduction of conflicts results in an increase in deviation from climate-optimal
speed.

A brief summary of the performance of the proposed resolution algorithm is presented in Table 1. An observation from the
number of modified aircraft trajectories implies that in almost all scenarios, less than 10% of aircraft trajectories are modified.
Moreover, the number of seeded-up aircraft is almost similar to the slowed-down ones. Since the focus of resolution is on reducing
high probable conflicts (due to the selection of P.), the number of low probable conflicts is increased in all cases.

5.4. Discussion on the implementation

The case study performed in this work raises an important question about the incentives for stakeholders and the required steps
for implementing such a new routing strategy, i.e., climate-optimal flight plans. This is because the dependency of aviation-induced
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Fig. 5. Lateral paths with the location of high and low probability conflicts for different Els.

climate effects on the meteorological conditions will lead to changes in traffic patterns, normally resulting in higher operating costs
and also increased workload, complexity, and the number of conflicts. In this study, we quantified extra costs in a simplified manner
(using simple operating costs) and also explored the possibility of reducing the number of conflicts with a resolution strategy. In the
following, we will discuss some required steps toward implementing climate-optimal trajectories from a higher-level perspective:

First, a “MET-service” enabler is needed. The integration of climate information into the meteorological information channels
is a must. In this sense, CLIMaCCF library (Dietmiiller et al., 2022)° is a step forward in that direction. Nevertheless, uncertainties
are still prevalent, indicating the need to conduct fundamental research to better understand, quantify, and eventually reduce these
uncertainties. This will enhance the reliability of the information.

Once the climate information is embedded as part of the meteorological service, different stakeholders could use it. The
possibilities are twofold:

On the one hand, flight dispatchers could incorporate into their software tools to calculate climate-optimized flight plans.
However, this will come at a cost. Who is paying that extra cost? That is the question. We believe that the development of key
performance indicators to quantify the cost (from an airline perspective) of flying in a climate-friendly manner is needed (Simorgh
et al., 2023). This is a pre-condition for the development of market-based mechanisms to incentivize airlines/dispatchers to follow
such climate-friendly flight plans. Under the current regulations, there is no incentive to fly non-CO, climate-optimal trajectories.
However, the emission of CO, has been included in the planned market-based instruments such as EU ETS, and during 2013-2020, it
has led to a total reduction in aviation net CO, emissions of 159 Million tonnes.* Such a strategy is currently under exploration for the
aviation non-CO, climate effects. One alternative that has been suggested is to use the concept of equivalent CO, emissions (Niklaf}
et al., 2019). Based on this approach, the non-CO, emissions (or their climate effects) are converted to the equivalent CO, emission.
Then, the environmental cost of CO, emission (e.g., from ETS) is applied to the non-CO, emissions. Another approach is based on
the definition of climate-charged airspace (Niklal} et al., 2021). Within this concept, highly climate-sensitive areas are identified

3 https://github.com/dlr-pa/climaccf
4 https://www.eurocontrol.int/publication/european-aviation-environmental-report-2022
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Fig. 6. The obtained results from the resolution method for different routing options (i.e., different EIs). For each routing option, the effects of increasing g
(i.e., the weighing parameter in the cost function Eq. (16)) on the number of conflicts, simple operating cost, and climate impact are depicted. In all cases, the
number of high-probability conflicts is reduced by a slight increase in cost and climate impact.

first. Then, taxes are considered for aircraft flying in these areas (Simorgh and Soler, 2022). CLIMaCCF library can be employed to
provide such information on climate hotspots. All in all, the development of a market-based mechanism for aviation-induced climate
effects can provide the possibility to compensate for the extra costs (associated with adopting climate-optimized flight plans) or even
result in identifying win-win situations, in which both climate impact and operational costs get mitigated by flying climate-friendly
routes.

On the other hand, the Network Manager and/or the Air Navigation Service Provider could integrate the climate impact (e.g., via
CLIMaCCF) in their operational demand and capacity balancing tools. One possible approach would be the definition of ECHO Areas,
which, in turn, would lead to traffic regulations (e.g., level capping). Nevertheless, this would also require the development of key
performance indicators to quantify the cost (from a network perspective), e.g., in terms of complexity, safety, and capacity.

6. Conclusion & future works

This paper studied the impact of climate-aware flight planning on air traffic by assessing the number of potential conflicts. In our
studied scenario, a set of 1005 flights were optimized for different objectives ranging from cost-optimal to climate-optimal routing
options. The climate impacts were estimated employing algorithmic climate change functions. The uncertainty in the atmospheric

variables was quantified employing ensemble weather forecasts and reflected on flight time, fuel consumption, and climate impact
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Fig. 8. Pareto-frontiers obtained by employing the proposed probabilistic resolution method for different sets of optimized trajectories (i.e., different Els). The
Pareto-frontiers show the trade-off between decreasing the number of high-probability conflicts and increase in deviations of speeds from the optimized ones
obtained using different f’s.

using ensemble trajectory prediction. The effects of adopting climate-optimized routes at the considered macro-scale scenario were
then assessed in terms of operational cost and the number of conflicts. Pareto-frontiers were provided to study the existing trade-
offs between climate impacts, cost, and the number of conflicts. We concluded that the number of conflicts increases quickly as we
employ trajectories with lower climate impact. For example, in our case study, an overall 28% reduction in climate impact increased
the number of conflicts by 65%, while a 7% more reduction in climate impact was achieved at the expense of a 110% additional
increase in conflicts, which must be crucially taken into consideration. In this respect, we performed a strategic resolution using the
SA algorithm to see how many conflicts can be reduced with only speed modifications and different weights penalizing deviation
from climate-optimal trajectories. It was reported that by accepting less than 0.5% increase in cost and climate impact, at least
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A summary of the obtained results from the proposed resolution method for different sets of climate-optimal trajectories (i.e., different Els). The effects of
resolving high-probability conflicts for different values of f’s, on the climate impact, cost, and the number of modified aircraft trajectories are reported.

Environmental Index  Performance p=0.0 p=0.1 p=05 p=1.0
ATR [K] 14.224¢78 14.225¢78 14.250e% 14.290e%
(relative increase w.r.t. non-resolved trjs. [%]) (0%) (0.006%) (0.184%) (0.461%)
SOC [tUSD] 4.254 4.256 4.277 4.311

EI = 0.0 (relative increase w.r.t. non-resolved trjs. [%]) (0%) (0.033%) (0.528%) (1.333%)
High prob. conflicts 266 218 108 31
(relative decrease w.r.t. non-resolved trjs. [%]) (0%) (18%) (59%) (88%)
Low prob. conflicts 65 92 99 110
Average speed variation [m/s] 0 1.223 9.738 23.177
Number of speeded up aircraft 0 29 70 132
Number of slowed down aircraft 0 28 81 150
ATR [K] 9.362¢78 9.375¢78 9.381e78 9.393¢78
(relative increase w.r.t. non-resolved trjs. [%] ) (0%) (0.043%) (0.171%) (0.298%)
SOC [tUSD] 4.547 4.549 4.558 4.567

EI = 5.0 (relative increase w.r.t. non-resolved trjs. [%]) (0%) (0.050%) (0.261%) (0.449%)
High prob. conflicts 634 561 478 448
(relative decrease w.r.t. non-resolved trjs. [%]) (0%) (11%) (24%) (29%)
Low prob. conflicts 157 197 221 235
Average speed variation [m/s] 0 1.257 4.476 6.241
Number of speeded up aircraft 0 20 33 31
Number of slowed down aircraft 0 24 37 49
ATR [K] 9.059¢~% 9.065¢~% 9.069¢~% 9.081e78
(relative increase w.r.t. non-resolved trjs. [%]) (0%) (0.069%) (0.110%) (0.247%)
SOC [tUSD] 4.666 4.669 4.674 4.682

EI = 10.0 (relative increase w.r.t. non-resolved trjs. [%]) (0%) (0.076%) (0.164%) (0.345%)
High prob. conflicts 722 663 585 564
(relative decrease w.r.t. non-resolved trjs. [%]) (0%) (8%) (18%) (21%)
Low prob. conflicts 167 215 246 259
Average speed variation [m/s] 0 1.884 3.919 5.085
Number of speeded up aircraft 0 31 35 23
Number of slowed down aircraft 0 17 35 36

20% of conflicts could be resolved for all routing options. In addition, it was shown that the potential to reduce conflicts using
speed change as the only decision variable is decreased by moving toward trajectories with lower climate impacts. For instance,
for the cost-optimal routing option, 80% of the conflicts are resolvable, whereas, for the trajectories with less climate impact, the
reduction is limited to 25%. Including other decision variables in the resolution, such as departure time, lateral path, and altitude,
are alternatives that may increase this potentiality by resolving encountered conflicts in a more efficient manner (having more
degrees of freedom).

Future works

A limitation of the analysis performed in the current study is the usage of lateral-only optimization. Therefore, follow-up work will
be performed to consider the full 4D trajectory optimization problem, where the flight level can be changed in addition to the lateral
path. Instead of the two-step procedure (i.e., deterministic optimization and ensemble trajectory prediction) to determine climate-
optimized trajectories, we aim to directly solve the robust trajectory optimization problem, considering all ensemble members. In
addition to the free-routing context, the study will also be extended to the optimization and complexity assessment within the
currently structured airspace.

Given our conclusion regarding the number of conflicts and the added complexity, and also the reduction of potential to decrease
the number of conflicts in the resolution process for trajectories with lower climate impacts, we propose follow-up studies exploring
traffic planning strategies based on other decision variables such as change of lateral path, altitude profile and departure time to
keep the airspace manageable. For the next steps, we plan to perform the resolution considering other indicators, including capacity-
demand balancing, different complexity metrics, and congestion, as objectives to be optimized with minimum modifications to the
climate-optimized trajectories.
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