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Abstract

Aircraft taxiing with the main engines running accounts for a substantial share of an
airport’s ground emissions, because jet engines are inefficient at the low thrust settings
used on the surface. Taxibots, external towing vehicles that pull an aircraft from the
gate to the runway with its engines off, can cut taxi-out fuel burn by up to eighty
per cent, and operational trials at Frankfurt, Amsterdam Schiphol and Brussels have
confirmed their feasibility. Existing scheduling studies, however, ask how large a fleet
would be needed to tow every aircraft. This thesis asks the inverse and, for an airport
introducing the technology gradually, more practical question: given a small fixed fleet,
how many departing aircraft can it serve in a single operational day, and what fuel and
COg savings follow? The problem is formulated as a scheduling model that assigns
a fixed number of taxibots to departing narrow-body aircraft under release-time and
deadline constraints, accounting for the full service cycle including the unproductive
return drive, and for the capacity of the start-up zones where towed aircraft restart
their engines. It is solved both exactly, as an integer linear programme, and with a
greedy construction heuristic in two ordering variants. This model is built on ground
movement data for July 2025 at Brussels Airport, provided by Skeyes, and its param-
eters and operational assumptions were validated with the same partner. A small fleet
captures most of the achievable effect. Three taxibots serve about half of the eligi-
ble departures on a busy day and five serve two thirds. At three taxibots this avoids
roughly a third of the taxi-out COy of the eligible fleet, or twenty-four tonnes. Beyond
five vehicles the fleet ceases to be the binding constraint and returns diminish, a satu-
ration point that coincides with the operational maximum identified independently by
Skeyes. The heuristic matches the exact model to within one aircraft across this range

while computing in milliseconds, making it the appropriate tool for operational use.
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1 Introduction

Aviation is one of the harder sectors to decarbonise (International Council on Clean
Transportation, 2022). Most public and research attention is directed at the airborne
phase of flight, such as the cruise, the climb, and the search for sustainable fuels, yet
a substantial and often overlooked share of an aircraft’s emissions is produced while it
is still on the ground. The reason is a basic mismatch: jet engines are optimised for
the high-thrust conditions of cruise, which makes them disproportionately inefficient
at the very low thrust settings used while taxiing (Nikoleris et al., 2011). An engine
idling its way from the gate to the runway therefore burns fuel out of proportion to the
small amount of movement it produces. As a result, ground movements account for
roughly 5-20% of an airport’s total carbon footprint depending on its size and traffic
mix (Camilleri & Batra, 2021), and for a narrow-body aircraft such as the Airbus A320
the taxi phase alone can represent 5-10% of total fuel burn (Postorino et al., 2017).
Because this fuel is consumed at low speed on a confined surface rather than in the air,
ground operations are also one of the more tractable places to intervene: meaningful

gains can be made here without redesigning the aircraft, the engine, or the fuel.

To see where these savings come from, it helps to look first at how an aircraft currently
reaches the runway. In conventional operations a pushback tractor pushes the aircraft
back from its stand, after which it taxis to the runway under its own power with the
main engines running at roughly 7% idle thrust (Khadilkar & Balakrishnan, 2012). For
the narrow-body twin-engine aircraft that dominate European traffic this means both
engines run for the entire taxi-out, a practice referred to throughout this thesis as dual-
engine taxiing. A partial improvement is single-engine taxiing, where one engine is shut
down for most of the taxi, but this adds crew workload and reduces manoeuvrability

and is not always practical (Camilleri & Batra, 2021).

A more far-reaching alternative is to take the engines out of the taxi process altogether.
A taxibot is an external towing vehicle that, unlike an ordinary pushback tractor, tows
the aircraft from pushback at the gate along its entire route to a release point near the
runway with the main engines switched off, while the pilot keeps directional control
from the cockpit (Lukic et al., 2019). The engines are started and warmed up only
once the aircraft has been released near the threshold. The most established example,
the TaxiBot developed by Israel Aerospace Industries and TLD, has been certified
by EASA for Boeing 737 and Airbus A320 operations and has been in commercial
service at Frankfurt Airport since 2014 (Lukic et al., 2019). A fully electric variant,
the e-taxibot, removes the towing vehicle’s own ground-level emissions, leaving only

the upstream emissions from generating the electricity used to charge it. Replacing
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dual-engine taxiing with taxibot towing can cut taxi-out fuel consumption by up to
roughly 80% (Camilleri & Batra, 2021), and it is against dual-engine taxiing as the

baseline that every alternative in this thesis is measured.

My thesis studies the deployment of such a fleet at Brussels Airport, in collaboration
with Skeyes, the Belgian air navigation service provider that manages the airport’s air
traffic and provided the operational ground movement data used here. Brussels Air-
port, located in Zaventem about 12 km northeast of the city centre and identified by
the ICAO (International Civil Aviation Organization) code EBBR (IATA BRU), is Bel-
gium’s principal international airport and handles the large majority of the country’s
scheduled flights, with more than 112,000 departing flights recorded in 2017 (Bous-
sauw & Vanoutrive, 2019). It is a relevant case for three reasons. First, its traffic is
dominated by exactly the A320- and 737-family aircraft for which taxibot certification
exists, so a large share of its movements is in principle eligible for towing. Second,
the Skeyes collaboration gives access to real operational data, including gate assign-
ments, pushback and taxi timestamps, taxiway routes and aircraft types, allowing this
model to be calibrated against genuine movements rather than synthetic assumptions.
Third, Brussels is a mature airport whose layout, like that of most existing airports,
predates any notion of towing operations; whether and where the taxibot concept fits
infrastructure that was never designed for it is a question with relevance far beyond
this one airport, and it returns in the conclusion of this thesis. Brussels Airport has
itself already tested a single TaxiBot operationally, but no study has examined how a
fleet of them should be scheduled there.

The central question is therefore: given a fixed fleet of taxibots, how many departing
aircraft can be served in a single operational day, how does this change with the size
of the fleet, and how does it translate into fuel and emissions savings compared with
the current dual-engine baseline? The number of taxibots is treated as a fixed scenario
parameter and varied across scenarios, so that the analysis reveals not only what a given
fleet delivers but also where adding vehicles stops paying off. The objective deliberately
maximises the number of aircraft served rather than minimising fuel directly: the two
are strongly aligned, since every towed aircraft saves fuel, and the throughput objective
matches the operational priorities of the air navigation service provider, an argument
developed in Section 3. Fuel and CO, savings then follow as a direct consequence of
the schedule.

Answering this is more involved than counting how many aircraft a fleet could in theory
tow. Each taxibot serves only one aircraft at a time. After releasing it near the runway,
it must drive back across the airport before picking up the next one, and this drive-back

is unproductive time that still limits how often a taxibot can be reused. Every aircraft
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has a limited time window: it cannot be served before it is ready to push back, and it
must be released early enough to make its departure slot. The space near the runway
where aircraft are released and start their engines is limited, so deliveries cannot all
be bunched together. And because towed and conventionally taxiing aircraft share the
same taxiway network, the schedule must respect the realities of that shared surface.
The result is a combinatorial optimisation problem at the meeting point of vehicle
scheduling under limited resources and airport surface operations. The scope of this
study is bounded to departures from runway 25R, the airport’s dominant departure
runway, during the summer season, and to the narrow-body aircraft eligible for towing;

the full delimitation and its motivation are given in Section 3.

The thesis makes two contributions. Methodologically, it formulates and solves the
fixed-fleet, throughput-maximising taxibot scheduling problem in a mixed-operation
setting, a framing that inverts the existing literature, which requires all aircraft to be
towed and minimises the fleet needed. Practically, it provides Skeyes with a quanti-
fied and operationally validated assessment of what taxibot deployment could deliver
at Brussels Airport: the results show that a small fleet already captures most of the
achievable effect, serving about half of the eligible departures with three vehicles and
avoiding roughly a third of their taxi-out CO,, with diminishing returns beyond ap-

proximately five vehicles.

The remainder of this thesis is structured as follows. Section 2 reviews the literature
on engine-off taxiing and towing-fleet scheduling. Section 3 describes the problem and
its scope, Section 4 the data, and Section 5 the mathematical formulation and the
scheduling models. Section 6 presents the results, Section 7 discusses their operational

meaning and limitations, and Section 8 concludes.
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2 Literature Study

2.1 The airport ground movement problem

The movement of aircraft between gates and runways is studied in the operations
research literature as the airport ground movement problem: the task of routing and
scheduling aircraft across a shared taxiway network such that each reaches its runway
or gate on time, without conflicts, and at minimum cost in delay or fuel. Atkin et al.
(2010) survey this field and show that it has been addressed with a wide range of
methods, from mixed-integer programming formulations that route aircraft through
a network under separation constraints, to genetic algorithms and other heuristics
that trade optimality for computation speed. Their survey also documents a shift in
the objectives considered: where early work concentrated on minimising taxi times
and delays, later studies increasingly include fuel burn and emissions, reflecting the
environmental pressure on the sector. A related line of work improves the inputs to
these models; Ravizza et al. (2013), for example, combine a statistical approach with a
ground movement model to estimate taxi times more accurately, showing that speeds

vary substantially between airports and even between routes at the same airport.

Within this broader problem, this thesis concerns one specific and relatively new re-
source: the taxibot. Deploying a fleet of towing vehicles adds a scheduling layer on top
of the ground movement problem, because the taxibots themselves are scarce, must be
assigned to individual departures, and occupy the same taxiway network as conven-
tionally taxiing aircraft. The setting for this study is Brussels Airport, in collaboration
with Skeyes, whose operational ground movement data underpins this model developed
in later sections; the operational context and the dataset are described in Sections 3
and 4. The remainder of this section reviews what previous studies have found on
engine-off taxiing technologies and their benefits (Section 2.2), how fleets of towing
vehicles have been scheduled and dispatched in earlier work (Section 2.3), and which
general routing and scheduling methods those studies build on (Section 2.4), before

identifying the gap this thesis addresses (Section 2.5).

2.2 Engine-off taxiing technologies and their measured bene-
fits

Several technologies have been developed to reduce or eliminate main-engine use during
taxiing, and their benefits have been quantified in a series of studies. The simplest

option requiring no equipment is single-engine taxiing. Single-engine taxiing is the
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practice of shutting down one of the aircraft’s engines and taxiing on the remaining
one, so only half the engines burn fuel during the taxi phase. Stettler et al. (2018)
analysed its impact using real flight data and found fuel savings of roughly 20-30%
on the taxi-out, but also showed why the technique is only situationally usable: the
shut-down engine needs several minutes of warm-up before take-off, and the running
engine requires higher thrust to break away and turn, which constrains its use at high
weight and in confined apron areas. Single-engine taxiing therefore delivers a partial
saving at best, which is why research attention has shifted to removing the engines

from the taxi process altogether.

Lukic et al. (2019) review the resulting landscape of electric taxiing systems and dis-
tinguish two families: on-board systems, in which electric motors are integrated into
the landing gear and powered by the APU (such as the WheelTug system and the
EGTS demonstrated by Safran and Honeywell), and external systems, in which a tow-
ing vehicle moves the aircraft. On-board systems add permanent weight that is carried
on every flight, which penalises fuel burn airborne; external towing avoids this, at the
cost of introducing a fleet of vehicles that must be managed on the airport surface.
The most mature external system is the TaxiBot, certified by EASA for Boeing 737
and Airbus A320 operations and in commercial service at Frankfurt Airport since 2014
(Lukic et al., 2019).

The savings from external towing have been quantified from several angles. Camilleri
& Batra (2021) compare the main taxi-out methods for a narrow-body aircraft over
a standard 15-minute route; their figures, summarised in Table 1, show that a diesel
taxibot cuts fuel burn by roughly 80% against the dual-engine baseline, and that a
fully electric taxibot removes ground-level consumption entirely, leaving around 11 kg

of COs in upstream grid emissions per operation.

Table 1: Fuel consumption and COs emissions by taxiing method for a narrow-body
aircraft over a 15-minute taxi-out. Adapted from Camilleri & Batra (2021).

Taxiing method Fuel consumed (kg) CO, emitted (kg)
Full dual-engine 102.2 322.4
Single-engine 79.9 252.1
Diesel taxibot 19.7 62.3
Electric taxibot (EU grid) 0 ~11.3

Postorino et al. (2017) go beyond per-operation figures by simulating taxibot deploy-
ment at Bologna Airport for a full traffic sample. Two of their findings shape this thesis
directly. First, only 61% of movements were considered eligible for taxibot service, be-
cause of departure-delay risk and airline participation, which means any realistic model

must handle mixed operations in which towed and conventionally taxiing aircraft share
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the network. Second, a taxibot is tied up for considerably longer than the tow itself.
It also contains coupling, decoupling and the return drive. Savings estimates built on

towing time alone therefore overstate what a fleet can actually deliver.

Finally, the technology has moved from simulation studies into operational trials, in-
cluding in the exact setting of this thesis. Similar trials have been conducted at Ams-
terdam Schiphol, where the TaxiBot has been tested as part of the airport’s ambition
to make sustainable taxiing a standard procedure (Schiphol, 2021). In March 2024, as
part of the European Stargate programme, Brussels Airport and TUI fly ran a three-
month operational trial of a biodiesel TaxiBot, the first in Belgium (Brussels airport,
2024). The airport reported reductions of up to 85% in emissions (COz, NOx and
ultrafine particles) and up to 60% in noise during towed taxiing, with a towed trajec-
tory consuming around 3 litres of biodiesel in the vehicle against roughly 40 litres of
jet fuel that the aircraft’s own engines would have burned. Both trials demonstrated
operational feasibility, but each involved a single vehicle and neither addressed how a
fleet should be scheduled across a day of departures, the question taken up in the next

section and in this thesis.

2.3 Scheduling and dispatching of towing vehicle fleets

A smaller but rapidly growing body of work addresses the question that follows once
towing technology is proven: how a fleet of towing vehicles should be operated. Zou-
tendijk, Mitici & Hoekstra (2023) survey this literature and classify the existing models
into four groups: vehicle routing models for the tugs themselves, models assigning ve-
hicles to flights, fleet sizing models, and battery charging optimisation models. Their
review also identifies the field’s main open challenge as robustness: towing schedules
are sensitive to flight delays, and most models to date assume a deterministic schedule

known in advance.

The earliest operational studies focused on feasibility and system design. Sirigu et al.
(2018) develop routing algorithms for a fleet of autonomous tugs, in which aircraft are
towed to the runway closest to the apron, the paved area around the terminal where
aircraft are parked, loaded and serviced, and cover the final segment on their own
engines, a structure that anticipates the detachment-point logic used in later work.
van Baaren & Roling (2019) design a zero-emission towing system for Schiphol and
estimate the fleet needed to serve its traffic, and Salihu et al. (2021) build a simulation
framework for electrified taxiing that quantifies the congestion and cost effects of adding
towing vehicles to the taxiway system, showing that the vehicles themselves become a

source of surface traffic that must be managed.
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The most complete optimisation treatment to date is by van Oosterom et al. (2023),
who propose an end-to-end framework for dispatching electric towing vehicles at a
large airport. Their mixed-integer formulation integrates three layers that earlier work
treated separately: routing of the vehicles across the taxiway network with minimum
separation maintained at all times, assignment of vehicles to towing tasks, and schedul-
ing of battery recharging. Applied to a full day at Amsterdam Schiphol with 913 flights,
their model finds that a fleet of 38 vehicles is required to tow all aircraft, with each
vehicle towing for around four hours per day and charging demand concentrated just
before the evening peak. In related work, van Oosterom & Mitici (2022) show how
strongly the required fleet depends on battery technology: 41, 29 or 24 vehicles are
needed under battery capacities of 100, 320 and 500 kWh respectively. Zoutendijk et
al. (2023b) extend the framework to disruption management, proposing a model that
reassigns vehicles when flights are delayed while keeping the schedule stable for oper-
ators; on a busy Schiphol day, 55% of vehicle assignments could be kept unchanged

between time steps without reducing the number of aircraft towed.

A further operational insight from these studies concerns the interface between towing
and the runway itself. Delivering aircraft to the runway faster than it can launch them
saves nothing: it merely relocates the queue to the runway entry area, where space
is limited, and the aircraft burn fuel waiting with engines running after detachment.
Farhadi et al. (2014) make the general point that the efficiency of runway operations is
largely determined upstream, by how aircraft are assigned and fed toward the runway.
For towing operations specifically, Postorino et al. (2017) address this through the
position of the detachment point, the location where the vehicle releases the aircraft
and the engines are started for the final segment. Its placement is a design trade-off:
closer to the runway maximises engine-off time per aircraft but concentrates traffic in
the constrained area near the threshold, while further away eases congestion at the
cost of savings. This trade-off directly motivates the holding-pool construct near the

runway in the model of this thesis, described in Section 3.

Two characteristics of this literature stand out for the present thesis. First, nearly
all of it is built on Amsterdam Schiphol and centres on electric vehicles, with battery
charging as a core modelling concern. Second, and more fundamentally, these studies
pose the fleet-sizing question in one direction: they fix the requirement that all aircraft
are towed and minimise the fleet needed to achieve it. This thesis poses the inverse
and, for an airport introducing taxibots gradually, arguably more practical question:
given a small fixed fleet, how many departing aircraft can be served? That framing
makes mixed operations, in which most aircraft still taxi conventionally, the central
feature of the problem rather than an edge case, and it connects the towing literature

above to the assignment and scheduling methods reviewed next.
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2.4 Assignment and scheduling methods

The towing studies of the previous section build on a longer tradition of vehicle routing
and scheduling research, from which this thesis draws its solution methods. The struc-
tural parent of the taxibot problem is the Vehicle Routing Problem with Time Windows
(VRPTW), in which a limited fleet serves customers who each require service within a
given time interval. Solomon (1987) introduced the standard construction heuristics for
this problem, including insertion methods in which a customer is added to a route only
if it can be served within its own window without pushing any later customer past
its deadline, and found that heuristics weighing both distance and time outperform
purely distance-based ones. The problem is computationally hard in a strong sense:
even finding a feasible solution with a fixed fleet size is NP-complete (Savelsbergh,
1985). This hardness result, together with the extensive evidence collected in later
overviews (Briysy & Gendreau, 2005; Cordean et al., 2002) that construction heuris-
tics reach high-quality solutions at a fraction of the computational cost, is the direct
justification for the heuristic solution approach in this thesis. The taxibot problem
maps onto the VRPTW with two twists: each “customer” (a departing aircraft) re-
quires a full attach-tow-detach-return cycle rather than a stop, and unserved customers

are permitted, since aircraft without a taxibot simply taxi conventionally.

For exact approaches, the closest analogues come from airport scheduling. Roling
& Visser (2008) formulate airport surface traffic planning as a mixed-integer linear
programme that routes and times aircraft over the taxiway network to minimise taxi
delay, and demonstrate it on a generic airport layout; their work established MILP
as workable for surface planning but also showed how quickly instance size becomes
limiting. Gupta et al. (2009) apply a MILP to departure scheduling, sequencing aircraft
near the runway under separation constraints. The most transferable finding is from
Farhadi et al. (2014), who study runway capacity management at Doha and show
that optimising the assignment of aircraft to resources while keeping the sequencing
rule simple, such as first-come-first-served, already yields near-optimal solutions. This
supports the design of the model in this thesis, where assignment is the optimised
decision and sequencing follows chronologically, since optimising both jointly for a full

day is computationally prohibitive.

A recurring modelling challenge across these studies is preventing conflicts between
vehicles that share the taxiway network. The literature handles this in a small number
of standard ways. The most common is to track occupation intervals per network
segment and impose that no two vehicles occupy the same segment simultaneously,

formulated in exact models as disjunctive either-or constraints linearised with big-M
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terms and ordering variables (Postorino et al., 2017; Roling & Visser, 2008). A second
approach enforces conflict-freedom through the routing itself: van Oosterom et al.
(2023) integrate minimum separation distances directly into the path planning of their
towing vehicles, so that generated routes are conflict-free by construction rather than
checked afterwards. Sequencing-based methods form a third family, in which conflicts
at a shared resource are resolved by ordering the users and imposing minimum time
gaps between successive ones, as Gupta et al. (2009) do for departures at the runway.
These approaches trade off differently: interval-based constraints are general but add
many binary variables, which contributes to the poor scaling of exact models, while
separation-aware routing and sequencing rules scale better but constrain the solution
space. The model in this thesis follows the interval-based logic, enforced procedurally
within a heuristic rather than through binary variables, precisely to avoid that scaling

cost.

Two further strands inform my model’s structure. The fleet-sizing literature examines
the marginal value of additional vehicles; Farhadi et al. (2014) document the typical
pattern of strong initial gains followed by diminishing returns as capacity grows, after
which performance depends more on scheduling strategy than on further capacity. The
same pattern is expected across taxibot fleet sizes, and identifying the point where it
sets in at Brussels is one of the aims of the scenario analysis. Resource-constrained
scheduling theory (Brucker et al., 1999) explains why: when a resource is scarce, the
bottleneck is availability itself, and once it is abundant the binding constraints shift
elsewhere, here to the aircraft time windows. Postorino et al. (2017) confirm the prac-
tical relevance of this for towing operations specifically, showing that the unproductive
return leg makes the true capacity of a towing vehicle considerably smaller than towing-
time arithmetic suggests, which is why the full service cycle, including the drive-back,

is modelled explicitly in this thesis.

The order in which a construction heuristic considers its jobs is itself a design choice,
and two priority rules are standard in the scheduling literature. The first is to process
jobs in the order they become available, which in an airport context corresponds to
first-come-first-served. This is the de facto discipline in air traffic control and the ref-
erence against which alternative sequences are measured, because deviation from the
FCFS order is the usual operational measure of equity between operators (Bennell et
al., 2011). Farhadi et al. (2014) show, moreover, that keeping such a simple sequencing
rule while optimising the assignment already yields near-optimal solutions. The second
rule orders jobs by their deadline rather than their availability, and it carries stronger
theoretical support. Alshaikhli & Alshaikhli (2024) showed that sequencing by earliest
due date minimises maximum lateness on a single machine, and Horn (1974) extended

the result to jobs with individual release dates: when preemption is allowed, always
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serving the available job with the earliest deadline solves the problem optimally and
provides a feasibility test for whether all deadlines can be met at all. The same rule
is the classical optimality result in real-time systems, where earliest-deadline-first is
guaranteed to meet every deadline whenever any schedule can (Liu & Layland, 1973).
These guarantees do not carry over directly to the problem of this thesis, which has
several parallel servers, no preemption, and a service duration that includes an un-
productive return leg; the deadline rule therefore becomes a heuristic rather than an
exact method. Its motivation nonetheless remains the one the theory identifies: aircraft
whose windows close soonest are committed first, so that a taxibot is not occupied by
a less urgent aircraft at the moment a tightly constrained one becomes ready. Compar-
ing the two rules on the same instances quantifies what the operationally natural order

costs relative to the deadline-driven one, and this comparison is reported in Section 6.

2.5 Synthesis and research gap

Three conclusions follow from the literature reviewed above. First, engine-off taxiing
works and its benefits are well quantified: external towing cuts taxi-out fuel burn
by roughly 80% compared with dual-engine taxiing (Camilleri & Batra, 2021), and
operational trials at Frankfurt, Schiphol and Brussels have confirmed feasibility and
savings in practice (Brussels airport, 2024). Second, the operation of towing fleets
has begun to receive dedicated modelling attention, with mixed-integer formulations
that integrate vehicle routing, assignment and battery charging, demonstrated almost
exclusively at Amsterdam Schiphol (van Oosterom et al., 2023); Zoutendijk et al.
(2023a). Third, the underlying methods are mature: the VRPTW literature supplies
construction heuristics whose quality is well documented (Bréaysy & Gendreau, 2005;
Solomon, 1987), airport MILP studies show that exact optimisation is workable on
constrained instances (Gupta et al., 2009; Roling & Visser, 2008), and the finding of
Farhadi et al. (2014) that near-optimal solutions are reached by optimising assignment

while keeping sequencing simple provides direct design guidance.

The gap sits at the junction of these strands. The Schiphol studies pose the fleet
question in one direction: tow every aircraft and minimise the fleet required, with
battery management at the core. No published study answers the inverse question
that an airport introducing taxibots actually faces: given a small, fixed fleet, how many
departing aircraft can be served in a day, when the majority of traffic continues to taxi
conventionally on the same network? This mixed-operation setting is supported by the
eligibility evidence of Postorino et al. (2017), who found that only 61% of movements

at Bologna qualified for towing, yet it appears in existing models only as a boundary
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case. Moreover, no scheduling study of any kind has been applied to Brussels Airport,
where the TaxiBot has been trialled operationally (Section 2.2) but never studied as
a fleet scheduling problem (F. Claude, personal communication, December 17, 2025).
This thesis addresses both gaps: it formulates the fixed-fleet, throughput-maximising
scheduling problem with mixed operations, and applies it to real ground movement

data from Brussels Airport.

23



3 Problem Description

3.1 Problem Overview

This section describes the optimisation problem addressed in this thesis. The goal
is to determine how a fixed fleet of taxibots can be assigned and scheduled to serve
departing aircraft at Brussels Airport, maximising the number of aircraft towed by

taxibots rather than taxiing under their own engine power.

The problem is set in a mixed-operation context: not all departing aircraft are served
by taxibots. Aircraft that are not assigned to a taxibot continue to taxi conventionally
using engine power. The objective is to maximise the total number of aircraft served
by the taxibot fleet in a single operational day. The environmental benefit, reduced
fuel consumption and CO, emissions, is not a separate objective but a direct effect of
this choice: every aircraft that is towed instead of taxiing on its own engines saves fuel,
so serving more aircraft saves more fuel. The size of that effect is quantified in the fuel

comparison in Section 5.

The choice to maximise the number of aircraft served, rather than to minimise fuel con-
sumption directly, deserves motivation, since both are defensible formulations. Three
arguments support the throughput objective. First, the two objectives are strongly
aligned: fuel savings scale with the number of towed aircraft, so a schedule that serves
more aircraft saves more fuel, and the cases where they diverge (assigning a taxibot
to one long route instead of two short ones) are marginal at the fleet sizes considered
here. Second, the operational stakeholders weigh objectives differently, and for the air
navigation service provider the dominant priorities are safety and a smooth, orderly
flow of traffic on the ground rather than fuel as such (L. Decock, personal commu-
nication, April 21, 2026). Figure 1 shows a stakeholder-objective matrix provided by
Skeyes, setting the main airport users against the objectives of smooth flow, safety, fuel
saving, emissions and noise; it illustrates that fuel minimisation is primarily an airline
objective, while the party that would operate and dispatch the taxibots is oriented
toward flow. A throughput objective matches the perspective of the intended user of
this research. Third, these objectives interact: more aircraft means more passengers,
baggage and surface traffic, which raises congestion and with it the risk of delay and
reduced safety. A formulation that maximises served aircraft while respecting hard
time-window and separation constraints keeps that interaction explicit, whereas a pure
fuel objective would leave flow entirely unmodelled. A formulation that minimises taxi

fuel directly remains a valid alternative and is noted as future work.
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Figure 1: Stakeholder—objective matrix for airport ground operations (based on per-
sonal communication with Skeyes).

3.2 Operational Setting

This model is applied to Brussels Airport during its summer season, the busiest opera-
tional period of the year. Brussels Airport is Belgium’s principal international airport
and handles the large majority of the country’s scheduled flights (see Section 1). All
departures in this model use runway 25R, the dominant departure runway in the stan-
dard westerly configuration (see Section 1). Towed aircraft are delivered to a holding
pool near the runway where they start and warm up their engines before lining up for

departure independently; this pool is described in Section 3.5.

The operational data is provided by Skeyes under a non-disclosure agreement. The
dataset contains departure records including pushback clearance times, actual taxiway
paths, gate positions, aircraft types and take-off timestamps; a full description follows
in Section 4. My model considers a single operational day for which the set of departing
aircraft is known in advance, including each aircraft’s gate area, departure window and
taxiway route. The number of taxibots available is a fixed input that is varied across
scenarios (K = 1,2,...,8) to analyse how fleet size affects the number of aircraft

served.
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3.3 Airport Surface Network

The physical layout of the airport’s taxiway system is represented as a network of nodes
and connections: nodes correspond to relevant locations on the airport surface (apron
areas, taxiway intersections, holding points, runway entry points and the detachment
point near runway 25R), and connections correspond to the taxiway segments between
them. Figure 2 shows this network overlaid on the airport layout, with the departure
runway and the holding pool location marked. Each connection has a traversal time
based on its physical length and the speed of the vehicle using it: the standard taxi
speed for engine-powered aircraft, a slower towing speed for taxibot-towed aircraft,
and the taxibot’s own speed for the drive-back. Some nodes in the network do not
correspond to operational locations but are placed along curved taxiway segments
purely to make the computed distances follow the actual geometry of the taxiways;

they play no role beyond accurate distance calculation.

An important modelling choice is that each aircraft’s route through this network is
taken as given: This model uses the taxiway path each aircraft actually followed,
as recorded in the data, rather than choosing routes itself. This is deliberate. Actual
routes reflect operational practice at Brussels Airport, including standard taxi routings
and controller preferences that a shortest-path calculation would not reproduce, so re-
optimising routes would make the modelled traffic less realistic, not more. It also keeps
the problem focused: the decision studied here is which aircraft each taxibot serves and
when, not which way they drive. Interactions that the given routes do not capture, such
as crossings of an active runway and interference from arriving traffic, are represented

through penalty times added to the affected connections, described in Section 4.
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Figure 2: The airport surface network used in my model, overlaid on the aerodrome
chart of Brussels Airport, with the start-up zones marked.

3.4 Taxibot Service Cycle

Each taxibot service follows a fixed sequence, illustrated in Figure 3. The cycle starts
with a pushback and attachment at the gate, after which the taxibot tows the aircraft
along its full taxi route with the main engines off and only the auxiliary power unit
(APU) running. The APU is a small onboard turbine engine, usually located in the
tail cone, that supplies electrical power and air to the aircraft’s systems while the main
engines are shut down (SKYbrary Aviation Safety Auxiliary Power Unit (APU), 2026);
during towing it is the only remaining source of fuel burn on the aircraft. The cycle
ends at the detachment point near the runway, where the taxibot disconnects and the
aircraft starts and warms up its engines before lining up independently, after which

the taxibot drives back to pick up its next aircraft.

27



Engine .
Push-back start L;ne
Warm-up P

Auxiliary power unit
+

Detachment point

Figure 3: Phases of the taxibot service cycle for taxi-out (adapted from Postorino et
al., 2017).

From a scheduling perspective, the essential feature of this cycle is that it fully occupies
the taxibot: attachment, towing, detachment and the drive-back must all be completed
before the next service can begin. The drive-back deserves emphasis. During the return
trip the taxibot serves no aircraft, but the time is unavoidable, and ignoring it would
produce schedules in which a taxibot is assigned to a gate before it could physically
have returned from its previous job. The total occupied time per service is therefore
considerably longer than the towing alone, which is what makes the fleet a genuinely
limited resource: even when many aircraft are ready to depart, the number that can
be served in a given period is bounded by how quickly the taxibots complete their full

cycles and become available again.

3.5 Start-up Zones at the Detachment Points

Aircraft towed by a taxibot are delivered to a start-up zone near the runway 25R
threshold, where they stand clear of the active taxiway while starting and warming up
their engines before joining the departure sequence. Such zones are not an invention of
this model; remote holding and engine run-up positions near runway thresholds exist

at major airports, and the taxibot literature places the detachment point at exactly
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such a position to keep engine start-up from blocking through traffic (Postorino et al.,
2017). The recorded runway entry points support this placement: over 95% of the
25R departures in the data enter the runway via the B1 or W41 holding points, so my
model uses two zones, one adjacent to the Bl flow, located on runway 19 next to 25R,
and one on the W42 platform next to W41. Figure 4 shows the location of both zones
on the airport surface.
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Figure 4: Location of the two start-up zones at the runway 25R threshold: the B1 zone
and the W42 platform.

The capacities of the two zones were validated with Skeyes (F. Claude, personal com-
munication, 2026). The W41/W42 platform can physically accommodate up to four
aircraft, and offers the taxibot a return path between the aircraft lines; it is repre-
sented in this model as a single start-up zone of capacity four. The B1 zone is assigned
a capacity of two aircraft as a physical upper bound. Skeyes notes, however, that a
taxibot cannot return from the Bl taxiway without either using the runway, which
is operationally unacceptable, or infrastructure works, so the operational feasibility of

the B1 zone is more doubtful than that of W42, a point taken up in the discussion.

An aircraft leaves its zone toward the runway as soon as its engines are started and
warmed up and the departure sequence allows it; a zone does not need to be full

before aircraft are released. The capacity works in the other direction: when a zone is
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occupied to capacity, no additional towed aircraft can be delivered to it until a position
frees up, which can delay taxibot cycles and, through them, the whole schedule. Both

capacities are varied in the sensitivity analysis.

The purpose of the start-up zones follows from the mixed operation. A towed aircraft
arrives at the runway with cold engines and needs approximately three minutes of
engine start and warm-up before it can line up, whereas a conventionally taxiing aircraft
arrives with its engines already running and ready for departure. If the towed aircraft
warmed up at the runway holding point itself, it would stand in the path of exactly
that ready traffic: an aircraft that began taxiing later would have to wait behind an
aircraft that cannot yet move. The start-up zone removes this conflict by taking the
warming-up aircraft out of the flow, so that ready traffic can pass and enter the runway
while the towed aircraft completes its warm-up beside the path rather than on it. The
zones are nonetheless a design option rather than a requirement of the concept, and
my model is therefore evaluated in two configurations: one in which the taxibot tows
each aircraft along its full route to the holding point, where detachment and warm-up
take place, and one in which towing ends at the start-up zone, the aircraft warms up
there and covers the final segment on its own power. Comparing the two quantifies
what the zones contribute, both to the traffic flow and to the taxibot’s cycle time, a

trade-off presented in the results.

3.6 Key Problem Characteristics

The taxibot scheduling problem described above has the following key characteristics

that shape this modelling approach:

o Assignment under limited resources. A fixed number of taxibots must be
assigned to a subset of departing aircraft. Each taxibot serves one aircraft at a

time, and the sequential service cycle bounds the fleet’s capacity.

o Time windows. Each aircraft has an earliest possible pickup time, derived from
its pushback clearance, and a latest time by which its towing must be completed
so that engine start, warm-up and line-up still fit before its departure time.
Because each aircraft’s route is known in advance, its towing duration is known
before scheduling, and this latest-completion requirement translates directly into
a latest possible start of service. An aircraft that cannot be served within its

window taxis conventionally.

o No overlap on a taxibot. A taxibot assigned to aircraft ¢ cannot begin serving

aircraft j until the full cycle for 7, including the drive-back, is complete.
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o Conflicts on shared infrastructure. Two aircraft cannot occupy the same
taxiway segment at the same time, and a minimum time separation applies be-
tween successive users of a segment. Nodes that lie physically close together form
mutual-exclusion zones that cannot be occupied simultaneously. Limited queu-
ing is allowed on the final segments approaching the runway, reflecting the real

holding pattern before departure.

e Pool capacity. The holding pool blocks new deliveries when occupied to capac-
ity.

o Mixed operations. Aircraft not assigned to taxibots taxi on their own engines

over the same network, creating interactions between the two groups.

A mathematical formulation of this problem, including the objective, decision variables

and constraints, is presented in Section 5.

3.7 Assumptions and Scope Delimitation

My model operates under the following assumptions, each with its motivation:

« Single runway configuration. All departures use runway 25R. The wind at
Brussels Airport blows predominantly from the southwest and the airport’s Pref-
erential Runway System is built around this, so under normal conditions the
westerly runways are the most frequently used, with 07L/25R as the primary
runway; alternative configurations are activated mainly under strong easterly or
southerly winds (Brussels Airport Traffic Control, n.d.). Modelling 25R therefore
captures the configuration in which the airport operates most of the time, while

one runway keeps the problem manageable.

o Departures only. Arriving aircraft are not modelled individually. Including
them would require arrival data that is not part of the dataset and would roughly
double the traffic to be conflict-checked; their effect on departing traffic is instead
approximated through penalty times at runway crossing points and periodic de-
lays along routes, which captures the delay they cause without modelling their

movements.

« Routes as given. Each aircraft follows its recorded taxiway path, for the realism

reasons set out in Section 3.3.
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Fixed service durations. Attachment, detachment and drive-back are con-
stants, following the values used in the taxibot scheduling literature (see Sec-
tion 5.4); their route-to-route variation is small compared with the towing time
itself.

Towing speed from literature. Taxibots tow more slowly than aircraft taxi
on their engines, to limit stress on the nose landing gear (TLD Group, n.d.).
The towing speed is set via a speed factor taken from published taxibot studies

(Salihu et al., 2021), detailed in Section 5.4, and varied in sensitivity analysis.

Narrow-body aircraft only. Taxibot service is restricted to A320- and B737-
family aircraft, the categories for which TaxiBot certification exists; wide-body

aircraft appear only as conventionally taxiing traffic.

Known schedule. The departure schedule is deterministic and known in ad-
vance. This model answers a planning question, how many aircraft a fleet can
serve on a given day, for which the realised schedule is the natural input; handling

delays and disruptions in real time is a separate problem noted as future work.

Emissions as an effect. Fuel and CO, savings follow from the schedule and are
quantified in the fuel comparison in Section 5; they are not part of the objective,

for the reasons given in Section 3.1.

Weather not considered. Weather-driven operational changes are excluded,

consistent with the single-configuration assumption.

Single-airport scope. This model treats Brussels Airport in isolation and does
not capture how delays or aircraft rotations would propagate to connecting flights
or other airports in the network, effects that are known to be substantial (Pyr-
giotis et al., 2013). This keeps the analysis focused on the ground operation
itself.

3.8 Scenario Design

My model is run for fleet sizes K =1 to 8, and each scenario is compared against the

conventional baseline in which all aircraft taxi on dual engines via the same routes.

Results are reported as the number of aircraft served, the proportion of departures

covered, and the resulting fuel and CO, savings. The distinction between diesel and

electric taxibots does not affect the schedule, since both operate identically in this

model; it enters only in the fuel comparison, where the taxibot’s own consumption
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differs by propulsion type. Because no fuel consumption data is available for the indi-
vidual movements in the dataset, this comparison is based on consumption values from
the literature and is therefore an approximation; the estimation approach is described

in Section 5.
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4 Data Description

4.1 Data Source and Context

The data used in this thesis is provided by Skeyes, which plays a dual role in this
research: as the operational partner that provided the ground movement data used
to calibrate and validate this model, and as the intended end user of the research
findings. The data was made available under a non-disclosure agreement following
a collaboration established in December 2025 (F. Claude, personal communication,
December 17, 2025).

Three datasets are used: a ground movement dataset with one record per departing
aircraft (Section 4.2), a reference dataset of the most commonly used aircraft types at
Brussels Airport (Section 4.3), and a manually constructed representation of the taxi-
way network (Section 4.4). The section closes with the data limitations (Section 4.5)

and the variables derived from the raw data for this model (Section 4.6).

4.2 Ground Movement Dataset

The primary dataset is a tabular Excel file containing one record per departing aircraft
movement at Brussels Airport. Each record captures the aircraft’s identity, type, gate
position, taxiway route, and a sequence of timestamps marking key moments in the
departure process. The full dataset contains 27 columns; those used in my model are
listed in Table 2, grouped into identification, aircraft, route and time fields. Columns
not used in this model, such as weight and wake turbulence categories, redundant time

fields and parking-related fields, are omitted.
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Table 2: Columns of the ground movement dataset used in my model.

Column Description Role in model

ACT. DATE Date of the departure Selection of operational days

A/D Arrival/departure indicator  Filter on departures

CALLSIGN Flight identifier (e.g. Identification, unique per date
AEF393B)

ACFT ICAOQO aircraft type code Taxibot eligibility and fuel
(e.g. A320) comparison

STAND Parking position (e.g. 234R) Mapped to the starting node of

the route

APRON Apron area identifier (e.g. Groups stands to apron-level
02NE) nodes

RWY Departure runway Filter on the 25R configuration

INT Runway entry intersection Final node before the runway
(e.g. BI)

ACTUAL Sequence of taxiway Defines the route through the

TAXIWAY segments (e.g. “S O7 B1E network

PATH B1 25R”)

PUSH CLR Pushback clearance time Release time r;

BLK TIME Time the aircraft leaves the  Fallback for missing PUSH clr
stand

TAXI CLR Taxi clearance time Start of rolling, speed calibration

END TAXI End of the taxi phase Speed calibration

T/O TIME Actual take-off time Deadline derivation

Three fields play a central role. The pushback clearance (PUSH clr) is used as the
release time r; of each departing aircraft : the earliest moment at which service can
begin. It marks the point at which the aircraft is operationally ready to leave, which in
the taxibot scenario is the earliest moment a taxibot could begin attachment. Where

PUSH clr is missing, the block time is used as a fallback.

The actual taxiway path is a string with the ordered sequence of taxiway segments
the aircraft followed from gate to runway; these paths are mapped onto the network of

Section 4.4 to define the route of each aircraft, from which its towing time is computed.

The stand identifies where the aircraft was parked. This model does not distinguish
individual stands: stands are grouped by their apron area, and each route starts at

the corresponding apron-level node, the first taxiway node of the recorded path. This
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simplification is acceptable because the distance from an individual stand to its apron
exit is short and similar across stands, and it avoids modelling gate-level geometry that

the data does not support.

4.3 Aircraft Types and Taxibot Eligibility

A second dataset lists the most commonly used aircraft types at Brussels Airport (42
unique ICAO type codes). In my model this reference file serves one purpose: determin-
ing which aircraft are eligible for taxibot service. Narrow-body A320- and B737-family
aircraft, which dominate the Brussels departure mix, are eligible, consistent with cur-
rent TaxiBot certification; wide-body types such as the A330, B777 and B787 are not,

and appear in my model only as conventionally taxiing traffic.

Since the Skeyes data contains no fuel consumption figures, the fuel comparison in Sec-
tion 5 uses per-type values from the literature. The standard method takes the taxi/idle
fuel flow of each aircraft’s engine from the ICAO Aircraft Engine Emissions Databank,
which lists fuel flow at the 7% (taxi/idle) thrust setting, and scales it by the number
of engines and the taxi duration (Khadilkar & Balakrishnan, 2012). Representative

values for the Brussels narrow-body fleet are given in Table 3.

Table 3: Taxi/idle fuel flow per engine at the 7% thrust setting (European Union
Aviation Safety Agency, 2026).

Aircraft family Typical engine Per engine
(kg/min)

A319 / A320CEO CFM56-5B ~6.2

A319 / A320 / A321CEO TAE V2500 ~T.T

A320NEO / A321NEO LEAP-1A / PW1100G ~5.0-5.5

B737TNG CFM56-7B ~6.8

These are certification idle figures and should be read as upper estimates: measured
taxi fuel burn is typically lower, because engines spend part of the taxi below the 7%
setting, and estimates assuming constant 7% thrust have been shown to overestimate
observed taxi fuel consumption substantially (Nikoleris et al., 2011). For consistency,
the working baseline of the fuel comparison is the aggregate narrow-body value of
Camilleri and Batra (2021), with the per-type values of Table 3 used for differentiation

between types.
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4.4 Airport Surface Network and Traversal Times

The taxiway network is constructed from 199 nodes identified manually on the official
aerodrome chart of Brussels Airport (AIM Belgium, 2026), with their positions recorded
as pixel coordinates. The nodes comprise apron-level nodes, taxiway intersections,
runway entry and holding nodes, the runway itself, and intermediate nodes placed
along curved taxiway segments purely for accurate distance calculation. Connections
between nodes are derived from the recorded taxiway paths: every consecutive pair
of nodes appearing in any path defines a connection, bidirectional by default, yielding
740 directed connections after removing a small number of physically unrealistic direct-
to-runway links. Nodes that lie physically close together are grouped into 27 mutual-

exclusion zones, used by the conflict constraints described in Section 5.

Each connection receives a physical length: the straight-line distance between its end-
point coordinates, converted from pixels to metres with a scale factor calibrated by
measuring the known length of runway 25R (3,638 m) on the chart (AIM Belgium,
2026). The traversal time of a connection is then its length divided by a speed, com-
puted separately for each connection and each mode of movement: the engine taxi
speed for conventionally taxiing aircraft, the towing speed for taxibot-towed aircraft,
and the engine taxi speed again for the empty drive-back. The towing speed is de-
rived from the calibrated engine speed through a speed factor, whose value is set in
Section 5.4.

The engine taxi speed is not assumed but calibrated from the data. For each flight, the
rolling time is computed as END TAXI — TAXI CLR. TAXI CLR is used rather than
BLK TIME because the interval from BLK TIME to TAXI CLR covers the pushback
manoeuvre and engine start, during which the aircraft is not yet taxiing under its own
power; including it would inflate the duration and underestimate the true rolling speed.
Dividing each flight’s geometric path length by its rolling time gives an empirical speed
per flight, and the median across flights is used as the engine taxi speed, the median
providing robustness against outliers. Calibrated on the 5,735 usable departures of July
2025, this yields an engine taxi speed of approximately 7.3 m/s (14.1 knots), consistent
with published taxi speeds for narrow-body aircraft. Because the node coordinates are
extracted manually, a small geometric inaccuracy is unavoidable, but the calibration
partly absorbs it: any systematic bias in the measured distances is compensated in the

empirical speed.

Connections that cross an active runway receive an additional penalty time reflecting

the wait for crossing clearance, applied to all three modes.

37



Formally, this network is a directed graph G = (IV, E), where the node set N contains
the apron, intersection, holding, runway and intermediate points, and the edge set F
contains the taxiway segments connecting them (Atkin et al., 2010). Each edge e € F
carries three traversal times, one per mode of movement: t"8"¢ for a conventionally
taxiing aircraft, t&¥P°t for a taxibot towing an aircraft, and t°** for an empty taxibot
driving back. Each is the edge’s physical length divided by the corresponding speed.
Edges that cross an active runway carry an additional penalty on all three modes,

representing the wait for crossing clearance.

Table 4: Symbols used in the network representation.

Symbol Definition
G=(N,FE) Directed graph representing the airport surface: nodes N,
edges F
N Set of nodes (apron, intersection, holding, runway and

intermediate points)

n A single node, n € N
E Set of directed edges (taxiway segments)
e A single edge, e € E
i Index of an aircraft
gensine Traversal time of edge e for a conventionally taxiing aircraft
(s)
tlaxibot Traversal time of edge e for a taxibot towing an aircraft (s)
thack Traversal time of edge e for an empty taxibot driving back
(s)
P, Route of aircraft i: ordered node sequence (nq,...,n,,) from
the data
E(FP;) Edges along the route of aircraft i
Tiow Total towing time of aircraft ¢ along its route (s)

A route for aircraft i is the ordered sequence of nodes
Pi = (nlan27"'7nm)
taken from the recorded taxiway path. Let

E(P) ={(n1,n2), (n2,n3), ..., (Mm_1,1m)}
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be the edges along it. The towing time of aircraft ¢ is the sum of the towing-mode

traversal times over these edges:

Titow — Z ttéaxibot. (1)
BGE(PZ')

Because the route is taken as given (Section 3.3), this sum is a constant computed
once in the data-preparation stage, which is why 7/°% enters the scheduling model
as a parameter rather than a variable. Different routes between the same apron and
runway entry can yield different towing times, so the value is genuinely route-specific
and cannot be replaced by a single average. Figure 5 illustrates the graph structure on

a small schematic section.

Gate node Taxiway node . Runway entry —— Taxiway edge
(with travel time)

Figure 5: Simplified illustration of an airport surface graph, with gate nodes, taxiway
nodes and runway entry. Created with Canva.

4.5 Data Limitations

Three limitations of the data should be noted. First, the dataset contains only depar-
tures; the influence of arriving traffic is not represented in the records and is approx-
imated in this model through the penalty times described in Section 4.4. Second, no
fuel consumption data is available, so the fuel comparison rests on published values,

as described in Section 4.3, and is an approximation. Third, a small share of recorded
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taxiway paths (approximately 8.4%) reference segments that could not be reconciled
with the constructed network, mostly routes crossing the runway system via less com-
mon intersections; where a shortest-path repair could not restore them, these flights
are excluded from the simulation. This exclusion is unlikely to bias the fleet-size com-
parison, as the affected routes occur throughout the operational day, but the reported

totals refer to the usable subset of departures.

The filtering chain leaves the following instance sizes. Of the 9,589 departure records
in July 2025, 6,596 use runway 25R, 6,315 of these have a pushback clearance time, and
6,261 also have a usable taxiway path; this is the clean dataset. Of those, 4,409 are
narrow-body movements eligible for taxibot service and 1,852 are wide-body or other
types that appear only as conventionally taxiing traffic, while 4,189 of the eligible flights
follow a route through one of the two start-up zones and are therefore also eligible for

the pool model.

A further group of flights cannot be served under any fleet size, because attachment and
towing do not fit within their time window even at the earliest opportunity; these are
removed in preprocessing and taxi conventionally throughout. On 9 July, this leaves
211 taxibot-eligible departures, of which 205 are pool-eligible and 66 are individually

infeasible, giving an upper bound of 145 aircraft that any fleet could serve.

4.6 Derived Variables

Several model inputs are computed from the raw fields. Table 5 summarises them; the

time unit throughout is seconds.
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Table 5: Variables derived from the ground movement dataset. All times are in seconds.

Variable

Definition

Purpose

Rolling time

Empirical speed

Towing time
7_itow

Release time r;

Deadline d;

Service window

END TAXI — TAXI CLR
Path length / rolling time

Sum of connection traversal
times along the path of
aircraft ¢ at towing speed

PUSH CLR (fallback: BLK
TIME)

Derived from T/O TIME by
allowing for detachment and
engine warm-up

Time available between
release and the towing
deadline after accounting for
attachment and towing

Speed calibration (Section 4.4)

Engine taxi speed (median
over flights)

Known before scheduling,
since routes are given

Earliest start of service for
departure

Latest time by which towing
must be completed

Determines whether an
aircraft can be served

The deadline of aircraft ¢ is derived from its observed take-off time by reserving suf-
ficient time for detachment and engine warm-up after towing. It therefore represents

the latest moment by which towing must be completed.

Together with the aircraft’s release time and towing duration, this deadline determines
whether the aircraft can in principle be served by a taxibot. Aircraft for which at-
tachment and towing cannot be completed within the available time are classified as
individually infeasible and are excluded from taxibot scheduling. The formal defini-
tions of these time-window conditions are introduced in Section 5.2, after the complete

model notation has been defined.
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5 Methodology

5.1 Solution Approach Overview

The scheduling problem described in Section 3 is approached with three models, which

differ in how they trade solution quality against computation time.

First, a mathematical formulation of the problem is given as an integer linear pro-
gramme (ILP), which defines precisely what a valid schedule is and what “optimal”
means: the assignment of aircraft to taxibots that serves the largest possible number
of departures while respecting all time-window and resource constraints. This formu-
lation is solved with Gurobi, a commercial solver for mixed-integer programmes that
searches the solution space with branch-and-bound techniques and either proves a solu-
tion optimal or, when stopped at a time limit, reports the best solution found together
with a bound on how far it can be from the optimum (Gurobi Example Tour, 2026).

The ILP solution provides the benchmark for each problem instance.

Second and third, two variants of a greedy construction heuristic are tested, which
build a schedule in a single pass: one processes aircraft in order of their release time,
the first-come-first-served discipline that air traffic control applies in practice, and one
in order of their deadline (earliest deadline first), the classical priority rule for meeting
time windows. Both rules are standard in the scheduling literature and are discussed in
Section 2.4; comparing them shows how sensitive throughput is to the ordering choice.
The heuristics do not guarantee optimality, but they run in milliseconds where the ILP
requires minutes to hours, and comparing their schedules against the ILP benchmark
quantifies exactly how much is lost by using them, the optimality gap reported in the

results.

The reason for this three-model design is computational. The problem is a variant of the
vehicle routing problem with time windows, for which even finding a feasible solution
with a fixed fleet is NP-complete (Savelsbergh, 1985). Exact solution is therefore only
practical within a time limit, and the solver reports for each instance whether the
returned solution is proven optimal or only the best found within the limit. A heuristic
that closely tracks the ILP at realistic instance sizes is the more useful tool in practice,
since real operations are dynamic and require fast re-computation; the ILP’s role is to
certify how close the heuristic comes. All times in my model are expressed in seconds,

and timestamps are handled as absolute date-times of the operational day.

The implementation is organised in a sequence of notebooks: data preparation and

network construction (Section 4), the scheduling models, and the scenario comparison,
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supported by a shared module containing the heuristic and the ILP so that both solve

identical instances with identical parameters.

5.2 Mathematical Formulation

5.2.1 Sets, parameters and decision variables

This section presents a mathematical formulation of the scheduling problem as an

integer linear programme. Table 6 defines all sets, parameters and decision variables

used in the objective and constraints; the subsequent text uses these symbols without

redefinition. The table gives the symbols only; the values assigned to the parameters

are set out in Section 5.4.

Table 6: Sets, parameters and decision variables of the

optimisation model.

Symbol Definition
Sets
Departing aircraft, indexed 1, j
Taxibots, indexed k
Mutual-exclusion zones, indexed z; each zone groups
physically adjacent nodes (Section 4.4)
Slots(z) Slots of start-up zone z, one per unit of its capacity
A, Aircraft whose route passes through mutual-exclusion zone
z
Parameters
K Number of taxibots, K = |B|
Ti Release time of aircraft i: pushback clearance (Section 4.6)
tiT /0 Observed take-off time of aircraft @
d; Deadline of aircraft i: latest time by which towing must be

completed,

— Tdet — Twarmup

(Section 4.6)
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Table 6 — continued from previous page

Symbol Definition
Tiow Towing time of aircraft ¢ along its recorded route, including
runway-crossing penalties; known before scheduling
Tatt Attachment time
Tdet Detachment time
Thack Drive-back time
Twarmup Engine warm-up time after detachment
C, Capacity of start-up zone z, in number of aircraft
TPy Time a taxibot is occupied by aircraft i:
ﬂbusy = Tatt T Tit ow + Taet + Thack
det_ off; Offset from service start to start of warm-up:
det_off; = T + 75 + Taes
M Big-M constant, large enough to deactivate a disjunctive
constraint when it is inactive
Qs Offset from the service start of aircraft ¢ to its entry into
zone z
Bi Offset from the service start of aircraft ¢ to its exit from
zone z
2; Start-up zone assigned to aircraft ¢, determined by its route

Decision variables

Yi

Lik

1 if aircraft ¢ is served by a taxibot, 0 otherwise

1 if aircraft 7 is assigned to taxibot k, 0 otherwise

1 if aircraft ¢ is served before aircraft j on the same taxibot,

0 otherwise
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Table 6 — continued from previous page

Symbol Definition
Gic 1 if aircraft ¢ occupies slot ¢ of its start-up zone, 0 otherwise
Oije 1 if aircraft ¢ completes its warm-up in slot ¢ before aircraft

J begins its own, 0 otherwise

Si Start of service (start of attachment) for aircraft i, s; > 0
W 1 if aircraft ¢ clears zone z before aircraft j enters it, 0
otherwise

The deadline requires one remark, as its definition matters for correctness. The deadline
d; is the latest moment by which towing must be finished so that detachment, engine

warm-up and line-up still fit before the observed take-off time.

Because each aircraft’s route is given, its towing time 7/°% is known before scheduling.

The requirement that towing finishes by d; therefore translates into a condition on the

start of service:

i+ Tare + 777" < d;. (2)

An aircraft is schedulable at all only if this condition can already be met at the earliest

possible opportunity. Therefore,

7"i+Tatt+TitOW < d,. (3)

Aircraft failing the condition in Equation 3 taxi conventionally regardless of fleet size.

5.2.2 Objective function

The objective is to maximise the number of departing aircraft served by the taxibot

fleet:

max Z Yi- (4)

€A
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The motivation for this objective over direct fuel minimisation is given in Section 3.1.

5.2.3 Constraints

Constraint 1: Assignment consistency. FEach served aircraft is assigned to ex-

actly one taxibot, and the served indicator equals the number of assignments:

keB

The inequality permits leaving an aircraft unserved; there is no obligation to serve any

particular flight.

Constraint 2: Time window. For a served aircraft, service cannot start before

release, and attachment plus towing must be completed by the deadline:

S; ZT,-M(]_—yZ),

(6)
3i+7att+7;owgdi+M(1—yi), Vi e A.

Detachment and warm-up do not appear here because they are already accounted for
in the definition of the deadline,

di - t;r/o — Tdet — Twarmup- (7)

The time-window constraint therefore requires attachment and towing to finish by the
moment that leaves exactly enough room for the remaining phases before take-off. The
relaxation term with M deactivates the deadline for unserved aircraft. Aircraft that

cannot meet it even at their release,

i+ Tae + 70V > d, (8)

are removed in preprocessing, as they cannot be served under any schedule.

Constraint 3: No overlap on a taxibot. Two aircraft assigned to the same taxibot

cannot be served at the same time. Whichever aircraft is served first, the other cannot
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start before the full service cycle of the first, including the drive-back, is complete. For

every pair ¢ < j and every taxibot k:

Sj Z S; + Tibusy — M(l — uij) — M(2 — Tik — l’jk),
8; > Sj‘l',fjbusy_MUij — M2 — 2y — xj), (9)
Vi < j, Vk € B.

The second big-M term deactivates both inequalities unless aircraft ¢ and j are both
assigned to taxibot k. The first big-M term selects which of the two orderings applies,

so exactly one of the inequalities binds for a pair that shares a taxibot.

The condition is imposed on every such pair rather than only on consecutive services,
which sequences a taxibot’s entire workload without requiring successor variables. Or-
dering variables are created only for pairs whose service intervals can interact, that is,

when

rp<d; +T)™  and v <dj+ TP (10)

For all other pairs, no ordering constraint is generated. Here M is the global big-M
constant of Table 6. A tight value of M strengthens the linear relaxation and reduces
solver time; setting a smaller constant per constraint rather than one global value is a

possible refinement noted as future work.

Constraint 4: Start-up zone capacity. Each start-up zone z has a fixed number
of slots equal to its capacity C, (Section 3.5), and every aircraft towed to that zone

occupies exactly one slot while it starts and warms up its engines:

Z Qic = Yi, Vi € A, (11)

c€eSlots(z;)

where Slots(z;) denotes the slots of the start-up zone on the route of aircraft .

Two aircraft assigned to the same slot may not warm up at the same time. An aircraft
occupies its slot from the moment towing and detachment are complete, at offset
det_off; from its service start, until its warm-up ends Twarmup later. For any two

aircraft ¢ and j sharing slot ¢, one warm-up must finish before the other begins:
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Sj + detioff] Z S; + detioffi + Twarmup — M(l — Oijc) — M(2 — Qic — Qjc)a
s; + det_off; > s; + det_off; + Twarmup — M0sje — M (2 — qic — qjc), (12)
Vi < j € A with z; = z;, Ve € Slots(z;).

Modelling each zone as a set of capacity-many slots, rather than as an aggregate count,
keeps the constraint a standard pairwise no-overlap constraint of the kind used for
the taxibots. The second big-M term deactivates the constraint unless both aircraft
actually share slot c. As with the taxibot ordering variables, o;;. is created only for

pairs whose warm-up windows can overlap.

Constraint 5: Mutual-exclusion zones. Nodes lying physically close together
are grouped into zones z € Z (Section 4.4) that cannot be occupied by two aircraft
simultaneously. A zone is treated as a single shared resource: aircraft ¢ occupies zone
z from its entry into the first zone-member node on its route until its exit from the

last, at the known offsets «;, and f;, from its service start.

For every zone z and every pair ¢ < j of aircraft routed through it, one aircraft must

have cleared the zone before the other enters:

Sj+ 0, > 8+ Bin — M(1 —wyj) — M(2 -y, — y;),
Si + iy > 8+ B, — Mw;j, — M(2 —y; — y;), (13)
Vie Z Vi< ijeA..

The form is identical to Constraint 4, with zone-entry and zone-exit offsets in place
of slot offsets, and the second big-M term restricts the condition to pairs that are
both towed. As there, the constraints are generated only for pairs whose occupation

windows of the zone can intersect.
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Constraint 6: Domains. The binary assignment, ordering and occupation variables

satisfy

Yiy Tiks Wijs Gic, Oije, Wijz € {0, 1}, (14)

for all applicable i,j € A, k € B, z € Z and ¢ € Slots(z), while service start times
satisfy

5.2.4 Implemented model and solution protocol

Two elements of the formulation are not enforced in my implemented models. The
route-wide mutual-exclusion zones (Constraint 5, Equation 13) are formulated but left
as an extension, as their effect at the start-up locations is already captured by the
zone-capacity constraint. Segment-level conflicts between individual aircraft along the
taxi routes are omitted by design, for the reasons given in Section 3.7. Everything
else is enforced by both the exact model and the heuristic, which is what makes the

optimality gap between them meaningful.

Both models are run in two configurations, with and without the start-up zones, so
that the contribution of the zones can be isolated in the results. In the start-up zone
configuration the same formulation is applied with 7/°% and d; redefined to the start-up
zone rather than the runway holding point: towing ends at the zone, and the deadline
additionally accommodates the aircraft’s own taxi from the zone to the runway after

warm-up.

5.3 Scheduling Heuristics

Because my exact model is costly to solve, the problem is also addressed with a greedy
construction heuristic that builds a schedule in a single pass over the aircraft. Two

variants are tested, differing only in the order in which aircraft are considered.
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5.3.1 Algorithm

The heuristic processes aircraft one at a time in a fixed order and assigns each to the
taxibot that can serve it earliest, if any can. For each taxibot k& € B, the heuristic
maintains a state variable free,, defined as the earliest time at which taxibot £ is
available to start a new service. At the start of the algorithm, all free; values are

initialised to the earliest release time in the instance.

For each aircraft i, taken in the chosen order:

 its earliest possible start on taxibot k is the later of its release time and that
taxibot’s free time,

max(r;, freey);

» taxibot k is a feasible candidate if towing can still finish by the deadline from
that start,

max(r;, freep) + 7o + 7,7 < d;

« if no taxibot is feasible, aircraft ¢ is left unserved and taxis conventionally;

o otherwise, aircraft ¢ is assigned to the feasible taxibot with the earliest start, its

service start s; is set to that time, and that taxibot’s free time is updated to

busy tow
Si + irz = 8; + Tatt + T; + Tdet + Thack-

The procedure never revisits an assignment, which is what makes it fast: each aircraft
is placed in a single step, giving a total running time that is linear in the number of

aircraft for a fixed fleet.

5.3.2 Ordering variants

The two variants differ in the sort order:

+ Release-time order (first-come-first-served). Aircraft are processed by
their release time r;, matching the chronological flow of operations: decisions
are made in the order aircraft become ready, and no aircraft is deferred in the

hope of a better later assignment.

o Earliest-deadline-first (EDF'). Aircraft are processed by their deadline d;, so

those whose windows close soonest are placed first. This tends to protect aircraft
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with tight windows, which a purely chronological order might lose to a taxibot

occupied by a less urgent aircraft.

Both variants use the identical feasibility and assignment logic of Section 5.3.1; only
the processing order changes. Reporting both, alongside the ILP, shows how sensitive

throughput is to this ordering choice and which variant to prefer in practice.

5.3.3 Constraints enforced and comparison protocol

In its base form my heuristic enforces the same conditions as my exact model: single
assignment, the release-time and deadline window, and no overlap on a taxibot (Con-
straints 1 to 3), together with a pool variant that additionally respects the start-up

zone capacity (Constraint 4).

The route-wide mutual-exclusion zones and segment-level conflicts are not enforced,
consistent with my exact model (Section 5.2.4). Because both the heuristic and the
ILP enforce the same set of constraints in each configuration, their solutions are directly
comparable: for each fleet size and parameter set the two are run on the same instance,

and the difference between the ILP’s served count and the heuristic’s is the optimality

gap.

A heuristic that stays close to the ILP across fleet sizes, at a fraction of the runtime, is
then the more practical tool for the scenario analysis, with the ILP serving to certify

how close it comes.

5.4 Parameter Setting

The formulation of Section 5.2 and the heuristics of Section 5.3 define the problem
in symbols; this section assigns them values. All times are expressed in seconds, and
timestamps are handled as absolute date-times of the operational day. Table 7 lists the
base values used throughout the fleet-size sweep, together with their source. Three of
them are literature values, three were validated with Skeyes, and one is calibrated from
the data itself; the parameters whose values are estimates rather than measurements

are varied in the sensitivity analysis of Section 6.5.
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Table 7: Base parameter values used in the fleet-size sweep.

Symbol Value Source
K 1to8 Scenario input (Section 5.5)
Tatt 60 s Salihu et al. (2021)
Tdet 60 s Salihu et al. (2021)
Thack 600 s Validated with Skeyes (F. Claude,
personal communication, 2026)
Twarmup 180 s Stettler et al. (2018); confirmed by Skeyes
Speed factor 1.5 Salihu et al. (2021)
Cyy 2 Validated with Skeyes (F. Claude,
personal communication, 2026)
Cwas 4 Validated with Skeyes (F. Claude,
personal communication, 2026)
M Day horizon + Set to deactivate an inactive disjunctive
longest service and constraint

warm-up duration

The attachment and detachment times are taken from the towing simulation of Salihu
et al. (2021) and treated as constants, since their variation between routes is small

relative to the towing time itself.

The drive-back time is the parameter where literature and operational practice diverge
most. Computing it from the network gives roughly 300 seconds for a return from
the runway area to the apron, but Skeyes assessed this as optimistic, since a returning
taxibot must be fitted into live ground traffic and handled by the ground controller;
600 seconds is used as the realistic base value and the network-derived 300 seconds is

retained as an optimistic case in the sensitivity analysis.

The warm-up time of 180 seconds sits within the two to five minutes that current

narrow-body engines require depending on engine type and state (Stettler et al., 2018).

The towing speed is not set directly but derived from the calibrated engine taxi speed
through a speed factor, so that both modes share the same distance measurements and
any systematic bias in those measurements affects them equally. Published operational
towing speeds range from 4 m/s (Salihu et al., 2021) to 11.8 m/s (van Baaren & Roling,
2019; van Oosterom et al., 2023), against a design maximum of about 23 knots for the
TaxiBot itself (Lukic et al., 2019), with the operational restriction imposed to limit
nose landing gear fatigue (TLD Group, n.d.). A factor of 1.5 corresponds to a towing
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speed of approximately 4.8 m/s at the calibrated engine speed of 7.3 m/s, consistent
with the lower end of that range, and it is varied between 1.0 and 2.0 in the sensitivity

analysis.

The capacities of the two start-up zones follow the physical space available at each
location, as described in Section 3.5: the W41/W42 platform accommodates four air-
craft and the B1 zone two. Both are varied in the sensitivity analysis, which shows

them not to be binding.

The exact model is solved with Gurobi under a fixed time limit of 3600 seconds per
instance, and every result is labelled with its solver status: optimal when optimality
was proven within the limit, feasible when the reported solution is the best found. The

heuristic requires no such limit, since it terminates after a single pass.

The solver is given the greedy EDF schedule as an initial incumbent, which shortens
the search substantially at the fleet sizes where the assignment problem is hardest. A
consequence is that the exact model can never report fewer served aircraft than the
heuristic it starts from, so the gap between the two should be read as how much the
solver can improve on the heuristic within the time limit, rather than as an independent

comparison of the two methods.

5.5 Scenario Design

This model is run across a range of fleet sizes to trace how the number of aircraft served
depends on the size of the taxibot fleet. The number of taxibots is varied over K =
1,2,...,8, chosen to span the full behaviour of interest: from severe scarcity, where
a single taxibot serves only a small fraction of departures, through the operationally
realistic range, to the point where adding taxibots yields little further gain because the
binding constraint has shifted from fleet size to the aircraft time windows (Section 2.4).
Both configurations, with and without start-up zones, are run, and for each value of
K the greedy heuristic and the ILP are solved on the same set of departures with the

same parameters, so that my models are compared like for like.

Each scenario is evaluated against the conventional baseline in which every aircraft
taxis on its own engines, using the observed taxi durations and routes from the data.
For each fleet size the following are reported: the number of aircraft served by taxibots
and the corresponding proportion of eligible departures covered, the number continuing
to taxi conventionally, and the resulting fuel and CO, savings relative to the baseline

(Section 5.6). Each ILP result additionally carries its solver status, optimal or best-
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found within the time limit.

Because several of these parameters are estimates rather than measurements, their
influence is examined separately in a sensitivity analysis, reported with the results,
covering the towing speed factor, the drive-back time, the warm-up time and the start-

up zone capacities (Section 6.5).

5.6 Fuel and Emissions Comparison

The fuel and emissions comparison quantifies the environmental effect of the schedules
produced by this model. It is not a separate optimisation but a calculation applied
on top of each schedule: every aircraft that a taxibot serves has its engines off during
towing, so the difference between its conventional taxi fuel and its taxibot-service fuel
is a saving, and summing these gives the effect for the fleet. Because more served
aircraft means more savings, this quantity follows directly from the throughput this

model maximises (Section 3.1).

Since the dataset contains no measured fuel consumption, the comparison uses pub-
lished values, and its results are therefore approximations of realistic magnitude rather
than measured savings. For a conventionally taxiing aircraft, the taxi fuel is esti-
mated from its observed taxi duration and a per-aircraft fuel-flow rate; the aggregate
narrow-body figure of Camilleri and Batra (2021) provides the working baseline, with
the per-type values of Section 4.3 used where a finer breakdown is needed. This ap-
proach is known to overestimate somewhat, as constant idle-thrust assumptions exceed
observed taxi burn (Nikoleris et al., 2011); the estimates are therefore treated as an up-
per reference, which is acceptable because the comparison is relative, the same method

being applied to both the baseline and the taxibot scenarios.

For an aircraft served by a taxibot, its engines are off during the towed portion of
the taxi and on for the remainder, so its engine fuel is counted only over the taxi
time not covered by towing; the taxibot’s own energy use is then added, over both
the tow and the drive-back, and depends on its propulsion type. This is where the
distinction between a diesel and an electric taxibot enters, not in the scheduling, which
is identical for both, but only in this comparison. A diesel taxibot burns fuel during
towing and the return drive; an electric taxibot produces no direct emissions, leaving
only the upstream emissions of the electricity used to charge it, estimated from the
Belgian grid emission factor. The auxiliary power unit, which runs during towing, and
the brief additional burn at engine start are treated as part of the aircraft’s engine-

on time rather than as separate terms, a simplification that slightly understates the
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taxibot-service fuel and therefore keeps the savings estimate conservative.

The total fuel saving of a scenario is the baseline fuel of all departures minus the fuel
of the mixed operation, in which served aircraft use taxibot service and the rest taxi
conventionally; COs savings follow by applying a standard jet-fuel emission factor.
These totals are reported per fleet size alongside the throughput metrics, giving a
combined picture of the operational and environmental effect of taxibot deployment at

Brussels Airport.

The estimates carry the limitations of the underlying assumptions, aggregate rather
than per-phase fuel rates, no differentiation by weather, and a fixed grid factor for the
electric case, so they indicate the order of magnitude of the savings rather than precise

figures.
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6 Results

6.1 Experimental setup

All results in this section are computed with the base parameters of Table 7, in which
the drive-back time of 600 seconds and the start-up zone capacities were validated with
Skeyes. The headline results use 9 July 2025, one of the busiest days of the month,
with its 211 taxibot-eligible and 205 pool-eligible departures (Section 4.5). To verify
that this day is representative, the fleet-size sweep is repeated across the first week of
July, whose days carry comparable departure volumes. The exact model is solved with
a fixed time limit of one hour per instance, and every ILP result is labelled with its
solver status: optimal when optimality was proven within the limit, feasible when the
reported solution is the best found. Aircraft whose time window cannot accommodate
attachment and towing even at the earliest opportunity are removed in preprocessing
and taxi conventionally regardless of fleet size; the number of served aircraft is therefore

bounded above by the eligible subset, not by the total number of departures.

This section proceeds from the central throughput result (Section 6.2) through the
comparison of the scheduling models (Section 6.3) and the start-up pool analysis (Sec-
tion 6.4) to the sensitivity of the results (Section 6.5) and the fuel and COy effect
(Section 6.6).

6.2 Throughput versus fleet size

Pool model throughput (2025-07-09)
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Figure 6: Aircraft served against fleet size, pool model, 9 July 2025. Open markers
indicate ILP solutions that reached the time limit.
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Figure 6 shows the central result of the thesis. With the parameter set of Section 5.4,
the exact model of the pool configuration serves 43 aircraft with a single taxibot, 82
with two, 110 with three, 127 with four, 136 with five, and 141, 144 and 146 with
six, seven and eight, out of 205 pool-eligible departures. The greedy heuristic in its
earliest-deadline-first variant, plotted alongside it, tracks these figures closely at every
fleet size; the two are compared in Section 6.3, and the figures quoted below are those
of the exact model unless stated otherwise. The pattern of diminishing returns is
pronounced: each of the first three vehicles adds between 28 and 39 served aircraft,
the fifth adds nine, and the eighth adds two. Beyond roughly five vehicles the binding
constraint is no longer the fleet but the time windows of the aircraft themselves, and

the curve flattens toward its ceiling.

This shape acquires operational meaning through the assessment of Skeyes. Indepen-
dently of this model, Skeyes indicated that about five taxibots is a strict practical
maximum at Brussels Airport, because every additional vehicle adds return traffic on
the taxiways and workload for the ground controllers (F. Claude, personal communica-
tion, 2026). The practical ceiling and the economic knee of my model’s curve therefore
roughly coincide: at K = 5 the fleet serves 136 aircraft, 66% of the pool-eligible de-
partures, and nearly everything the remaining three vehicles would add lies in the
operationally questionable range. The full curve is computed to K = 8 to characterise
the saturation behaviour, but the reading of the results above K = 5 is theoretical

rather than operational.

Table 8: Share of pool-eligible departures served, per day and fleet size, first week of
July 2025. N is the number of pool-eligible departures that day, an absolute count; all
other columns are percentages of N.

Date N K=1 K=2 K=3 K=4 K=5 K=6 K=7 K=8

1 July 206 205 366 473 541 576 595 60.5 61.0
2 July 212 203 354 462 547 585 604 618  63.2
3 July 199 206 377 477 543 57.8 593 608  61.3
4 July 218 183 330 431 505 546 564 57.8 583
5 July 162 21.6 377 488 56.8 61.1 63.6 648 64.8
6 July 177 203 39.0 503 582 62.1 655 66.7 67.2

7 July 183 18.6 344 459  53.0 58.5 61.2  62.3 62.8
Mean 20.0 36.3 47.0 54.5 58.6 60.8 62.1 62.7
Std. dev. 1.2 2.1 2.3 2.5 2.5 3.0 2.9 2.9

Table 8 confirms that the pattern is not an artefact of the chosen day. Across the first

week of July, the served share rises steeply to around K = 4-5 and saturates on every
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day, with day-to-day variation driven by the traffic volume and its peaks rather than
by this model.

On average across the week, the fleet serves 47.0% of eligible departures at K = 3 and
58.6% at K = 5, with a standard deviation of only two to three percentage points at
every fleet size, so the fleet-size effect is far larger than the day-to-day variation. The
two ordering rules are practically equivalent: on the headline day, in the configuration
without start-up zones, they differ by at most one aircraft at any fleet size (107 against
106 at K = 3, 134 against 133 at K = 5, identical elsewhere), and on other days
the difference occasionally falls the other way. The results above therefore use the
earliest-deadline-first variant; the per-day figures for both are given in Appendix A.2
and A.3.

6.3 Heuristic versus exact model

Table 9: Greedy heuristic against the exact model, pool configuration, 9 July 2025,
ILP time limit 180 s per instance.

K Greedy EDF  ILP served Gap (ILP — ILP status
served greedy)
43 43 0 Optimal

2 82 82 0 Feasible (time
limit)

3 109 110 1 Feasible (time
limit)

4 127 127 0 Feasible (time
limit)

5 135 136 1 Feasible (time
limit)

6 138 141 3 Optimal

7 139 144 ) Optimal

8 139 146 7 Optimal

The comparison between the two scheduling approaches is unambiguous. Table 9
compares the greedy heuristic with the exact model on the headline day in the pool
configuration, at a solver time limit of 180 seconds per instance. The greedy heuristic
matches the exact model to within a single aircraft at every fleet size up to K = 5,
serving 109 against the ILP’s 110 at K = 3, and across the first week the daily gap

never exceeds a handful of aircraft. The comparison is one-sided by construction:
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the solver is started from the greedy schedule (Section 5.4), so it can only equal or
improve on it, and the gap therefore measures how much branch-and-bound adds to
the heuristic within the time limit rather than an independent contest between the
two. What it adds is little. Several instances stop at the limit with status feasible,
meaning the reported value is the best solution found rather than a proven optimum;
where optimality was proven, the greedy matches it exactly or nearly so. The runtimes
differ by orders of magnitude, the heuristic completing in milliseconds against minutes

for the exact model.

One deliberately constructed exception qualifies this picture and is worth recording:
when the B1 start-up zone is restricted to a single slot (Section 6.5), the greedy falls
nine aircraft behind the exact model, because under severe slot scarcity the order in
which aircraft are committed interacts with slot availability in a way a single-pass pro-
cedure cannot anticipate. At all realistic capacities the gap disappears. For operational
use, where schedules must be recomputed as conditions change, the heuristic therefore

sacrifices essentially nothing while being effectively instantaneous.

To check whether the time limit constrains the comparison, the sweep was repeated on
a separate day in the configuration without start-up zones with a limit of one hour per
instance; the full results, including solver runtimes, are given in Appendix A.1. The
picture is unchanged: at every fleet size the exact model returns the greedy solution
or one aircraft more, and at the four mid-range fleet sizes it exhausts the full hour
without improving on the schedule it started from or closing the optimality gap, while
the easy instances at one, two, seven and eight vehicles solve to proven optimality in
under a minute. The limited value of a longer time limit is therefore not an artefact of

the three-minute budget.

6.4 The start-up pool
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Figure 7: Taxibot service cycles over the operational day, greedy pool model, K = 3,
9 July 2025.
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Figure 7 shows how the service cycles distribute over the operational day and makes the
weight of the return drive visible: with the validated ten-minute drive-back, the time
a taxibot is occupied per service is dominated not by the towing but by the overhead
around it, and the fleet saturates during the morning departure peak while idling in

the quieter early afternoon.

The pool changes the picture asymmetrically. On the headline day at K = 3 the
pool model serves 109 of 205 eligible aircraft against 106 of 211 for towing to the
holding point, a modest throughput gain. Underneath, however, the two zones behave
very differently. Detaching at the W42 zone frees the taxibot on average 147 seconds
earlier per service, while detaching at the B1 zone saves only 20 seconds, because the
B1 detachment point lies close to the holding point it replaces. For the aircraft the
asymmetry is sharper still: at W42 the aircraft’s total journey is on average 113 seconds
shorter, whereas at B1 the pool adds around 12 seconds, since the self-taxi after warm-
up exceeds the small towing reduction. The pool concept, in other words, works where
the geometry gives it room, and the W41/W42 platform is exactly the location Skeyes
assessed as operationally workable for taxibot returns, whereas the Bl flow is where
returns would require infrastructure works (F. Claude, personal communication, 2026).

This model and the operational assessment point at the same place.

6.5 Sensitivity analysis

Several model parameters are assumptions or literature-derived values rather than
quantities measured at Brussels Airport. As set out in Section 5.4, the towing speed
factor comes from published towing studies at other airports (Salihu et al., 2021), the
warm-up time from engine-manufacturer requirements, and the attachment, detach-
ment and drive-back durations partly from the taxibot literature and partly from op-
erational judgement validated with Skeyes. A one-at-a-time sensitivity analysis around
the base case therefore serves two purposes: it shows how strongly the conclusions de-
pend on each assumption, and it identifies which parameters would repay precise mea-
surement in a real deployment. Four parameters are varied: the towing speed factor,

the drive-back time, the warm-up time, and the capacities of the start-up zones.
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Speed-factor sensitivity - K=3, 2025-07-09
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Figure 8: Sensitivity of aircraft served to the towing speed factor, K = 3, 9 July 2025.

The towing speed factor is by far the most influential parameter. At K = 3, moving
the factor from 1.0 (towing at engine-taxi speed) to 2.0 (towing at half that speed)
reduces the served count from 138 to 63, more than a factor of two, with the base value
of 1.5 sitting mid-range at 107 (Figure 8). The sensitivity is structural: a slower tow
lengthens every service cycle and simultaneously tightens every deadline, so its effect
compounds. Since no towing-speed measurements exist for Brussels, this parameter
is the largest source of uncertainty in the absolute results, although the shape of the

fleet-size curve and the location of its diminishing returns are stable across factors.
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Figure 9: Sensitivity of aircraft served to the drive-back time, pool model, greedy EDF,
4 July 2025.
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The drive-back time matters most for small fleets. Comparing the network-derived
driving time of 300 seconds with the Skeyes-validated 600 seconds, which includes
congestion and controller handling, the cost of realism at K = 3 is 17 aircraft per day
(114 versus 97 served), shrinking to 8 aircraft at K = 5 and 2 at K = 8 (Figure 9).
With few vehicles, every minute of unproductive return time translates directly into
unserved aircraft, whereas a larger fleet absorbs it. Precisely the small fleets an airport

would start with are the most exposed to return-drive logistics.

Warm-up time sensitivity - K=8, 2025-07-09
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Figure 10: Sensitivity of aircraft served to the engine warm-up time, K = 8, 9 July
2025.

The warm-up time has a steady, almost linear effect: each additional 60 seconds of
required warm-up costs roughly six to seven served aircraft at K = 3, from 130 at
zero warm-up down to 107 at the 180-second base. This quantifies the potential of
an operational refinement discussed in Section 3: starting the engines during the final

towing segment rather than after detachment would recover part of this margin.

The zone capacities, finally, are not binding. Doubling the W42 capacity from two
to four changes nothing at any fleet size, and the B1 capacity shows a threshold: one
slot costs roughly ten aircraft, while two or more give identical results. The bottleneck
of the system is the taxibot fleet and the aircraft time windows, not the space at the
start-up zones. The corresponding sensitivity tables are reported in Appendix A.4, A.5
and A.6.
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6.6 Fuel and CO, effect
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Figure 11: Net CO, saved against fleet size, in kilograms per day (left) and as a
percentage of the eligible baseline (right), 9 July 2025.

The environmental effect follows directly from the throughput. On the headline day,
conventional taxi-out of the 211 eligible departures emits approximately 71,700 kg of
CO4. With three diesel taxibots the net saving is 23,696 kg per day, a 33.1% reduction
of that baseline; with five vehicles it reaches 30,405 kg. In fuel terms the K = 3 saving
corresponds to roughly 7,500 kg of jet fuel per day, in the order of €1.66 million per
year at €0.85/kg over 260 operating days. Across the first week of July the daily K = 3
saving ranges between roughly 17,500 and 22,000 kg, confirming the order of magnitude
beyond the busiest day. As explained in Section 5.6, these figures are estimates built
on published consumption values rather than measured fuel data, so they indicate the
scale of the effect rather than exact quantities; the vehicle’s own energy use is accounted

for over its full operating time, towing and the ten-minute drive-back included.

Because the taxibot’s own energy use is small against the avoided jet fuel, the choice of
propulsion type barely affects the daily CO5 balance: at K = 3 the electric variant saves
24,083 kg per day against 23,696 kg for diesel, a difference of 387 kg, under two percent
of the saving. The environmental case for taxibots is therefore carried overwhelmingly
by switching the aircraft’s engines off; the propulsion type of the vehicle is a second-
order refinement in this day-level CO, accounting, although it also determines local air

quality and noise, which this comparison does not capture.

The start-up zones add a trade-off. At K = 3 the configuration with zones serves three
more aircraft than towing to the runway holding point, yet saves slightly less CO5 (an
estimated 22,624 against 23,696 kg for diesel), because detaching at the zone shortens
the engine-off towed segment and the aircraft covers the remainder on its own engines.

The zones thus buy throughput at a small emissions price, paid almost entirely at

63



the B1 zone, where the self-taxi exceeds the towing reduction. Which configuration
is preferable depends on whether the operator weighs aircraft served or CO, avoided

more heavily, a choice that echoes the stakeholder discussion of Section 3.

6.7 Summary of findings

Four findings summarise this section. A small fleet already delivers most of the achiev-
able effect: three taxibots serve about half of the eligible departures and avoid roughly
a third of their taxi-out CO,, and diminishing returns set in exactly around the five-
vehicle mark that Skeyes independently identifies as the operational maximum. The
greedy heuristic is operationally sufficient, matching the exact model to within one
aircraft at realistic settings while computing in milliseconds. The dominant uncertain-
ties are the towing speed and the return-drive logistics, both of which would repay
measurement in a real trial. Finally, the choice between propulsion types barely affects
the COy balance, while the choice between pool and holding-point delivery trades a

few served aircraft against a few hundred kilograms of CO4 per day.
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7 Discussion

7.1 Interpretation of the main findings

The central pattern of the results is that a small taxibot fleet already captures most of
the achievable effect. Three vehicles serve roughly half of the eligible departures on a
busy day and avoid about a third of their taxi-out COy; five vehicles bring this to two
thirds of departures, after which each additional vehicle adds only a few aircraft per
day. The explanation lies in the structure of the service cycle. With the validated ten-
minute drive-back, a taxibot is occupied far longer per aircraft than the towing itself,
so during the morning departure peak the fleet is the binding resource, while outside
the peak the aircraft time windows are. Adding vehicles relieves the first constraint but
not the second, which is why the curve saturates well below the number of schedulable

aircraft.

The comparison between the exact model and the heuristic supports a practical conclu-
sion. Up to five vehicles, exactly the range an airport would realistically operate, the
single-pass heuristic matches the exact model to within one aircraft while computing
in milliseconds. The gap of up to seven aircraft that opens at seven and eight vehicles
occurs where many near-equivalent assignments exist and is of little operational rele-
vance, since that fleet range is unlikely to be deployed. For a setting in which schedules
must be recomputed whenever delays occur, the heuristic is the appropriate tool, and

the exact model’s role is to certify its quality.

The environmental effect follows the throughput almost mechanically, which is precisely
what the problem framing of Section 3 intended: emissions savings are an effect of
serving aircraft, not a separate objective. Two nuances qualify this. First, the choice
of propulsion type changes the day-level CO, balance by less than two percent, because
the vehicle’s own energy use is small against the avoided jet fuel; the case for the electric
variant rests on local air quality and noise rather than on the CO5 accounting. Second,
the start-up pool buys a few served aircraft at a small emissions price, since detaching
earlier shortens the engine-off segment. Which configuration is preferable is therefore
not a purely technical question but depends on how the operator weighs throughput

against emissions, the same stakeholder trade-off identified in Section 3.
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7.2 Position relative to the literature

The results can be read against the towing-fleet studies reviewed in Section 2, which
pose the inverse question: they require all aircraft to be towed and minimise the
fleet needed, finding for Amsterdam Schiphol that on the order of 38 vehicles would
be required (van Oosterom et al., 2023). The present thesis fixes a small fleet and
asks what it delivers, and the answer, half of eligible departures with three vehicles,
suggests that the gradual-introduction perspective is informative precisely where the
full-coverage perspective is silent: in the steep part of the curve, where each vehicle still
pays for itself operationally. The mixed-operation setting that existing models treat as
a boundary case is, in this range, the whole story. The finding that eligibility and time
windows, rather than fleet size, become binding beyond five vehicles also echoes the
eligibility figure of Postorino et al. (2017) at Bologna, where only 61% of movements
qualified for towing at all: at Brussels the schedulable subset plays the same ceiling

role, and no fleet size can tow past it.

7.3 Operational feasibility at Brussels Airport

My model’s numbers acquire their meaning only against operational reality, and the
assessment provided by Skeyes sharpens the reading in three ways. First, Skeyes regards
about five taxibots as a strict practical maximum, because every vehicle adds return
traffic on the taxiways and workload for the ground controllers (F. Claude, personal
communication, 2026). My model’s diminishing returns set in at the same point, so
the practical ceiling and the economic one coincide; but the reasons differ, and the
operational reason applies even at fleet sizes this model finds worthwhile. My model
does not represent the taxibots’ return trips as traffic on the network, so the congestion
and coordination cost that concerns Skeyes is precisely the cost this model does not
see. The true optimum fleet is therefore at most this model’s, and likely at its lower

edge.

Second, the two start-up zones are not operationally equivalent. Skeyes assesses the
W41/W42 platform as workable, with space for four aircraft and a return path for
the taxibot between the aircraft lines, whereas returning from the Bl taxiway would
require using the runway, which is operationally unacceptable, or infrastructure works
(F. Claude, personal communication, 2026). My model’s own results point in the same
direction: relative to towing all the way to the runway holding point, detaching at
W42 frees the taxibot on average 147 seconds earlier per service, whereas at B1 the

taxibot gains only about 20 seconds and the aircraft’s own journey is even slightly

66



longer, because the self-taxi from Bl after warm-up exceeds the small reduction in
towing (Section 6.4). Since roughly four out of five departures follow the B1 flow, this
convergence of model and operational judgement identifies the main bottleneck for a
real deployment at Brussels: the concept works where the geometry gives it room, and

most of the traffic is where it does not.

Third, these observations generalise beyond the specific zones. Brussels Airport, like
most existing airports, was not designed with separate return paths for towing vehicles,
and adapting such infrastructure is not easily done (L. Decock, personal communica-
tion, 2026). The saturation levels found here should therefore be read as what the
current infrastructure permits, not as a property of the taxibot concept itself; a lay-
out designed for towing operations would relax exactly the constraints that bind at

Brussels.

7.4 Limitations

The limitations of this study fall into three groups: simplifications of the operational
reality, uncertainty in the parameters, and the scope of the data. For each, it matters

whether the limitation threatens the conclusions or merely their precision.

The first group concerns what this model does not represent. Routes are taken as given
from the data, and conflicts between individual aircraft on shared taxiway segments are
not modelled, on the argument that the recorded schedule was already conflict-free and
this model only shifts the towed subset within their windows (Section 3.7). The taxi-
bots’ return trips, however, are new traffic that the recorded schedule never contained,
and their interaction with other movements is captured only through the fixed drive-
back time, not as movements on the network. This is my model’s most consequential
simplification: it is exactly the effect Skeyes identifies as the practical limit on fleet
size, and it biases the results toward optimism at larger fleets. The mutual-exclusion
zones are formulated but not enforced in the implementation, and arriving traffic is
approximated through penalty times rather than modelled. The departure schedule is
treated as deterministic and known, so the results describe planning capacity, not per-
formance under delays and disruptions, which the disruption-management literature
shows to be a substantial further challenge (Zoutendijk et al., 2023b).

The second group concerns parameters. The towing speed factor is the single largest
source of uncertainty: no measurements exist for Brussels, and varying it over the
literature range moves the served count at three vehicles between 63 and 138. The

fuel comparison rests on published consumption values rather than measured data,
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with idle-thrust figures known to overestimate actual taxi burn, and the taxibot’s own
consumption rates taken from generic sources; the resulting savings indicate an order
of magnitude, not precise figures. The drive-back time, although validated by Skeyes as
a realistic average, is a constant, whereas in reality it depends on the return distance
and the traffic situation. The attachment, detachment and warm-up durations are

literature values, of which the warm-up was confirmed by Skeyes.

The third group concerns scope. The analysis covers one airport, one runway con-
figuration and one month of summer traffic, and about eight percent of recorded taxi
paths could not be reconciled with the constructed network and were excluded. The B1
start-up zone is included as a modelling construct although its operational feasibility
is doubtful without infrastructure works, so the pool results should be read with the
W42 zone as the realistic component. None of these limitations undermines the central
qualitative findings, the shape of the fleet-size curve, the sufficiency of the heuristic,
and the dominance of the aircraft-side savings in the CO4 balance; they do mean that
the absolute numbers are specific to the assumptions and the summer traffic of Brussels
Airport in 2025.
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8 Conclusion and future work

8.1 Conclusion

This thesis asked how many departing aircraft a fixed fleet of taxibots can serve in
a single operational day at Brussels Airport, and what fuel and CO, savings follow,
compared with the conventional dual-engine baseline. To answer it, the problem was
formulated as a scheduling model that assigns a fixed number of taxibots to departing
narrow-body aircraft under time-window and resource constraints, with each aircraft
following its recorded taxi route and emissions computed as a consequence of the re-
sulting schedule. This model was built on real ground movement data of July 2025
provided by Skeyes, solved both exactly and with a fast construction heuristic, and

validated against operational judgement from Skeyes.

The answer is that a small fleet already delivers most of the achievable effect. On 9
July 2025, one of the busiest days of the month, three taxibots serve about half of
the eligible departures and avoid roughly 24 tonnes of CO,, one third of the taxi-out
emissions of the eligible traffic; five taxibots serve two thirds of departures and avoid
about 30 tonnes. Beyond five vehicles the returns diminish rapidly, and the fleet stops
being the binding constraint: the aircraft time windows and the eligible traffic itself
take over. This economic saturation point coincides with the operational maximum
of about five vehicles that Skeyes identifies independently, on the grounds of return
traffic and controller workload. The pattern is stable across the first week of July, with
day-to-day variation of only a few percentage points against fleet-size effects of ten

points and more per added vehicle.

Methodologically, this thesis shows that this problem does not require heavy machinery
to be solved well. A single-pass greedy heuristic matches the exact optimisation model
to within one aircraft across the operationally relevant fleet range while computing in
milliseconds, which makes it suitable for a real operation in which schedules must be
recomputed continuously. The exact model’s role is to certify that quality. The inverse
framing of the fleet question, fixing a small fleet and maximising service rather than
requiring full coverage and minimising the fleet, proved to be the informative perspec-
tive for an airport that would introduce taxibots gradually, and it is the perspective

the existing literature does not cover.

For Brussels Airport specifically, the findings are double-edged. The savings are sub-
stantial and the fleet needed to realise them is small, but the operational analysis

identifies where the concept strains against the existing infrastructure: the start-up
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zone concept works cleanly at the W41/W42 platform, while the B1 flow, which carries
most of the traffic, offers the taxibot no acceptable return path without infrastructure
works. As Skeyes observes, an airport not designed for separate towing-vehicle return
paths adapts to this way of working only with difficulty, and older infrastructure such
as Brussels is exactly where such adaptation is hardest; newly designed airports could
incorporate taxibot operations from the start (L. Decock, personal communication,
2026). The quantified benefits of this thesis are therefore what the current layout per-
mits, and they should be read as a lower bound on what the concept could deliver in

an infrastructure designed for it.

8.2 Future work

Several extensions follow directly from the limitations. The most valuable single im-
provement would be to model the taxibots’ return trips as traffic on the network rather
than as a fixed duration, since this is both my model’s largest simplification and the
effect Skeyes identifies as the practical limit on fleet size; a simulation of the shared
surface, including arriving traffic, would show how quickly return movements congest
the taxiway system as the fleet grows. Second, the deterministic setting should be
relaxed: real operations face delays, and rescheduling under disruption, as studied for
Schiphol by Zoutendijk, Van Oosterom & Mitici (2023), is the natural next layer on top
of the planning model developed here. Third, the towing speed factor, the dominant
parameter uncertainty, could be replaced by measurements: the operational TaxiBot
trials at Brussels and Schiphol generate exactly the data needed, and a calibrated
speed profile per taxiway segment would sharpen every result in this thesis. Fourth,
the objective could be inverted into a direct fuel-minimisation formulation, assigning
taxibots preferentially to aircraft with long taxi routes; comparing its schedules with
the throughput-maximising ones would quantify how much the two objectives actually
diverge in practice. Finally, the scope can be widened: other runway configurations,
winter traffic, wide-body aircraft as certification expands, engine start during the final
towing segment to recover the warm-up margin, and the battery-charging dimension
of a fully electric fleet, which the Schiphol literature shows to be a fleet-sizing factor

in its own right.
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Appendix

Table 10: A.1: Greedy heuristic against the exact model, 4 July 2025, configuration
without start-up zones, ILP time limit 3600 s per instance.

K Greedy EDF ILP served ILP status ILP runtime
served (min)
1 40 40 Optimal 0.0
72 72 Optimal 0.8
3 94 94 Feasible (time 60.3
limit)
4 110 110 Feasible (time 60.1
limit)
5 119 120 Feasible (time 60.1
limit)
6 123 124 Feasible (time 60.0
limit)
7 126 127 Optimal 0.1
8 127 127 Optimal 0.0

Table 11: A.2: Aircraft served by the greedy EDF heuristic per day and fleet size, first
week of July 2025, configuration without start-up zones. K = 0 is the conventional
baseline in which no aircraft is towed.

K 1July 2 July 3 July 4 July 5 July 6 July 7 July

0 0 0 0 0 0 0 0
1 42 43 41 40 35 36 34
2 75 75 75 72 61 69 63
3 97 98 95 94 79 89 84
4 111 116 108 110 92 103 97
5 118 124 115 119 99 110 107
6 122 128 118 123 103 116 112
7 124 131 121 126 105 118 114
8 125 134 122 127 105 119 115
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Table 12: A.3: Aircraft served by the greedy heuristic in release-time order per day
and fleet size, first week of July 2025, configuration without start-up zones. N is the
number of taxibot-eligible departures that day.

K 1July 2 July 3 July 4 July 5 July 6 July 7 July

N 205 212 199 218 162 177 183

0 0 0 0 0 0 0 0
1 42 43 42 40 35 36 34
2 75 74 75 72 61 69 62
3 97 97 95 94 80 89 84
4 111 115 109 110 93 103 96
) 118 125 115 119 99 110 107
6 122 128 118 123 103 115 111
7 124 131 121 126 104 117 113
8 125 133 122 127 105 118 115

Table 13: A.4: Sensitivity of aircraft served to the Bl start-up zone capacity, pool
model, K = 3, W42 capacity 2, 9 July 2025, of 205 pool-eligible departures.

B1 capacity  Greedy % ILP %

1 98 47.8 107 02.2
2 109 53.2 110 53.7
3 109 93.2 110 53.7
4 109 53.2 110 23.7

Table 14: A.5: Sensitivity of aircraft served to the engine warm-up time, K = 3, 9
July 2025.

Twarmup (S) Greedy EDF % ILP %

0 130 61.6 130 61.6
60 124 58.8 124 58.8
120 117 95.5 118 55.9
180 106 50.2 108 51.2
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Table 15: A.6: Sensitivity of aircraft served to the drive-back time and to the W42
capacity, pool model, greedy EDF, 4 July 2025, of 211 pool-eligible departures.

K Thao=300s 450s 600s W42 =2 W42 =4

1 50 46 42 42 42
2 90 80 76 76 76
3 114 100 97 97 97
4 126 116 114 114 114
5 131 126 123 123 123
6 135 131 129 129 129
7 136 134 133 133 133
8 136 135 134 134 134
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Figure 12: A.7: Total departures, taxibot-eligible departures and aircraft served by
the greedy EDF heuristic at K = 3, per day, July 2025 (top), and the served share of
eligible departures (bottom).
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Figure 13: A.8: Net CO, saved per day at K = 3, first week of July 2025, for the pool
and no-pool configurations with a diesel and an electric taxibot fleet.
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Figure 14: A.9: Per-aircraft ILP schedule on 04/07/2025 (part 1).
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Figure 15: A.9: Per-aircraft ILP schedule on 04/07/2025 (part 2).
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