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Abstract

This thesis focuses on the turnaround as the connecting element between airport and
aircraft. A review of current research showed that only a few concepts for improved
ground operational and passenger processes have been thoroughly analyzed. Since current
models and frameworks are by the majority, not accessible and neither extendable, the
development of a holistic assessment framework for advanced ground operational concepts

was undertaken.

The framework presented comprises: cabin design heuristics, agent-based passenger flow
simulation, turnaround modeling and operational cost assessment. Mission performance
analyses are integrated with sensitivity analysis produced with state-of-the-art aircraft
design tools. The core of this research is dedicated to the development of the agent-based

passenger flow simulation which has been made available for the community®.

The framework application covered the assessment of single- and twin-aisle configurations
with passenger numbers ranging from 180 to 300. The analyzed sensitivities comprise
passenger characteristics and the impact of changes to the cabin layout. Furthermore,
several individual concepts were combined into two case studies aiming to capture cascad-

ing effects.

The overall goal of novel cabin concepts is to allow for a seamless passenger egress and
ingress through the avoidance of queues caused by aisle and row interferences. Especially,
the stowing and retrieving of hand luggage items increased the average boarding time by
up to 68 %. Doors should be placed near the center of the fuselage to allow for a split of the
passenger stream resulting in up to 48 % shorter boarding times. The comparison of single-
and twin-aisle determined an advantage of 40 % of the twin-aisle over the single-aisle. The
implementation of foldable seats provided a backward compatible solution to increase the
boarding efficiency of up to 30 %. The afore identified boarding time reduction resulted

in shorter turnarounds, since the passenger processes were on the critical path.

The integrated studies showed significant passenger process time savings, however those
savings came with penalties in terms of higher fuel burn and maintenance cost, which
almost outweigh the savings on direct operating cost level. A 1% direct operating cost
improvement was identified on the 500 nm distance, where the benefit decreases for longer
missions close to the design range. The findings demand further concept improvements
in terms of weight, maintenance effort and the integration into current aircraft configura-

tions.

'The source code of the agent-based passenger flow simulation "PAXelerate" and any accompanying

materials can be obtained from http://www.paxelerate.com [1].
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1. Introduction

The aviation industry will be challenged by an annual 4.4-4.7 % growth in passenger traffic
in the next 20 years [2, 3]. It is imperative that advancements in all aspects of current
aircraft operations are developed to deal with increasing congestion at major hub airports.
Current research majorly focuses on aircraft efficiency in terms of reduced carbon dioxide
(CO2), nitrogen oxides (NOy) and noise emissions. This trend is due to ambitious goals
promoted by national and international regulators, such as Advanced Air Vehicle Program
(AAVP), Air Transport Action Group (ATAG) or Advisory Council for Aviation Research
and Innovation in Europe (ACARE) [4-6]. However, the implementation of current re-
search in fulfillment of the goals proposed by these regulators would require significant
operational efficiency improvements, a topic which is often not addressed. The ACARE
work group demands a reduction of turnaround times by 40 % in 2050 using novel han-
dling concepts as well as actual arrival and departure times to be within one minute of
scheduled times [7, 8].

Especially, regional and short-to-medium haul flights are of concern, since delays can
hardly be compensated during the flights. Figure 1.1 illustrates that approximately 79 %
of the world-wide flown flight distances in 2016 are under 1,000 nm (1,852 km) for short-
to-medium haul aircraft [9]. This results in an increased number of performed legs and
turnarounds per day. Hence, an efficient aircraft turnaround is an essential component of
airline success serving those routes. The current ground operational procedures are highly
optimized for available infrastructure and aircraft types. Further improvements are tar-

geted by refining process execution, providing better predictability for each step improving

12 100
10 /i )

60

40

Frequency [%]
(2}
Cumulative share [%]

20

-0
0 500 1000 1500 2000 2500 3000

Distance [nm]

Figure 1.1.: World-wide utilization spectrum for short-to-medium haul aircraft in 2016
(A320 and B737 family) [9].



2 1. Introduction

on-time performance and by reducing additional planned buffer times. In short-haul op-
erations, passenger egress and ingress together with refueling, cleaning or catering are on
the critical path which determines the total turnaround time [10]. Reducing passenger
boarding and disembarking time would simultaneously shorten turnaround time and free
up airport capacity. Turnaround time and punctuality are not on the same level of criti-
cality for long-haul operations, since delays can be absorbed during the longer flight time

and airport curfew hours may determine to envisaged scheduled and departure times.

1.1. Problem description and motivation

Airports are the origin and destination of all commercial passenger flights. They allow
aircraft to take-off and land while providing necessary facilities to service the aircraft.
Figure 1.2 provides an overview of a generic airport. Airport operations are divided into
landside where passengers arrive, drop off their luggage and go through security and airside
processes. The latter cover the take-off and landing of aircraft as well as taxiing procedures
[11]. The focus here is on the turnaround, the connecting element between the airport
and the aircraft. This special role of the turnaround results in various influences, like
airport capacity constraints, aircraft type diversity, schedule disruptions as well as airline
cost reduction pressure. In the following, each of the predominant factors of influence is

categorized as Research Issue (RI) of this thesis and are further elaborated.

Landside |  Airside

L

Gate positions

Terminal

:I Taxiways

Airport access Remote positions Runway

|
|
|
|
Figure 1.2.: Generic airport with landside and airside elements (based on [11]).

Research Issue 1: Increasing passenger numbers result in prolonged egress and ingress

time

The use of larger aircraft is one solution to cope with an increase in air traffic, other than
increasing the flight frequency. Since the 1960’s, the average number of installed seats
per aircraft on short-haul segments has increased from 110 to 160 [12]. This is caused
by the trend towards denser aircraft cabins, which was driven by low cost carrier (LCC)

and by the choice of larger single-aisle aircraft types, such as the A321 or B737-900.



1.1. Problem description and motivation 3

Recent aircraft type upgrades for the A320 and B737 family manage to accommodate
an increased passenger number while keeping the overall dimensions constant [13, 14].
Denser aircraft cabins are an effective development direction, since 10 % more passengers
in current short-to-medium haul aircraft reduce the fuel burn per passenger nautical mile
by 6% [15]. Unfortunately, passengers have to face a reduced level of comfort due to

shrinking legroom, reduced catering and a reduced number of lavatories.

The passenger boarding process has been an issue over the past 40 years, where the
average boarding velocity dropped from around 20 passengers per minute to nearly nine
passengers per minute [16]. This decline is a result of increased carry-on luggage, airline
service strategies and passenger demographics. Further contributing factors to prolong
passenger egress and ingress times are continuously increasing passenger load factors from
67 % in 1995 up to 84 % in 2015 [17] together with a trend towards an excessive amount
of cabin luggage. This results in longer gate occupation times and could lead to schedule

disruptions due to the unpredictable passenger behavior.

Research Issue 2: Capacity constraints at major hub airports

A study for European airports revealed that especially large hub airports, such as London
Heathrow Airport (LHR) and Frankfurt Airport (FRA) airport, handling 15% of the
total European passengers, are congested and already operate at their capacity limit [18].
These airports are constrained by existing infrastructure and are unable to expand due to
local and political conditions, lack of available areas and high investments needed. The
remaining 90 % of the airports in this study are mainly characterized by moderate to low
capacity utilization. The same trend is recognizable around the globe where a multiplicity
of hub airports operate close to their maximum capacity and exhibit increasing average
delays. It is expected that the challenges for a capacity increase of the airport system in

certain regions of the world will not change substantially in the near future [18, 19].

Research Issue 3: Schedule disruptions cause a significant impairment of airport oper-

ations

During peak hours, congested hub airports often operate at their maximum runway capac-
ity, taxiway and gate utilization. Each schedule disruption due to a late arrival of aircraft
or unreliable and inefficient ground operation processes could result in significant delays
opening the potential for significant airport operation impairment. The average taxi-out
times at airports are an indicator of the congestion level in terms of aircraft queue lengths.
It exceeds the unimpeded taxi times at large international airports [20]. The taxi-out time
averaged between 10 and 20 minutes in European airports in 2013, with most large hub air-
ports ranging closer to the upper end of this average. For some of the busiest international
airports, such as Beijing Airport (PEK), Delhi Airport (DEL) and Mexico City Airport

(MEX), taxi-out times average more than 20 minutes and in the case of New York (John
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F. Kennedy International Airport (JFK), Newark Liberty International Airport (EWR))

up to an average of 40 minutes [21].

High ground congestion levels can lead to schedule disruptions and network delays. Around
45 % of the European delays in 2013 were reactionary delays caused by late arrival of air-
craft or crew from another flight. A considerable amount of 17 % was caused by ground
operation disruptions including aircraft and ramp handling, passenger and baggage han-
dling, aircraft damage, flight operation and crewing, as illustrated in Figure 1.3. Technical
aircraft failure, weather, authorities and air traffic flow cause the remaining 38 % [21]. The
punctuality performance is important to maintain the linkage and stability of aircraft rota-
tions [22] and furthermore represent also costs to airlines, which is influenced by the choice
behavior of passengers in terms of bad reputation and unsatisfied passenger [23, 24]. In
general, delays can be partly compensated by means of improved ground process efficiency
and scheduled buffer time between two flights. They can be completely absorbed when

the aircraft goes off rotation or they can be absorbed during long-haul trips [25].
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Figure 1.3.: Flight delay cause in 2013 at European airports [21].

Research Issue 4: Extended ground times reduce aircraft utilization

Aircraft utilization measures operational efficiencies as a function of aircraft specifications,
aircraft availability, trip distances and ground time. An improved aircraft utilization allows
for the spread of fixed cost of ownership (COO), which account for around 20 % of the DOC
for current short-to-medium haul aircraft [26], across more trips and passengers resulting in
lower cost per available seat mile. For regional and short-haul operation with shorter trips
this increases the number of annual trips as well as executed aircraft turnaround events.

A reduction from 40 to 30 minute turnaround could increase the number of annual trips
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by 8 % on a 500 nm (926 km) trip [27]. Current LCC try to maximize the airtime of their
aircraft through faster ground processes, which notably worked for the airline Southwest,
who achieved a minimum of a 15 minute turnaround time [28]. A faster turnaround
improves not only the aircraft utilization but also all factors of production such as gates,
ground equipment and labor. These essential operational efficiencies result in lower cost

which stem from reduced process complexity.

Research Issue 5: Increasing cost pressure for aviation stakeholders

Even if the global airline industry continues to grow rapidly, the ability to deliver cost
efficiencies and productivity improvements remain crucial for aviation stakeholders and
airlines. Most of the players in the value chain turn a respectable profit, such as providers
of global distribution system (GDS), aircraft manufacturer or leasing companies, whereas

airlines struggle to break even [29)].

The emergence and rapid growth of LCC since the 1960’s has increased competition within
the airline industry and poses significant competitive challenges to network airlines. A
sharp rise in jet fuel prices between 2003 and 2008 increased the urgency for overall
cost reductions. In 2004, a 36 % cost gap in terms of operating costs per available seat
kilometers (ASK) existed for the three largest US network airlines versus LCC. In Europe,
the gap between network airlines and LCC was even higher with 40-60 % and in Asia and
Latin America, up to 60-70 %. Part of the cost gap reflects the premium service offered by
network airlines and their network structure. Other main cost efficiency contributors are
product, distribution and overhead, increased seat density, used infrastructure, aircraft,
fuel and labor. In matters of ground operation, efficiency gains are envisaged through the
identification of personnel shortage, lack of communication, inefficient use of infrastructure,
a standardization of service level agreement (SLA) as well as increased crew involvement
for cleaning and loading procedures [30]. These gains are available to network airlines and

in many cases are already implemented by LCC [31].

A significant degree of regulation and the vulnerability to exogenous events, such as secu-
rity concerns, volcanic eruptions and infectious diseases, underlines the idea of a worldwide
aviation cycle. The resulting price pressure has led to a consistent decline in airline yields
since the 1950’s [32]. In this time, the inflation-adjusted yields have also fallen at an an-
nual rate of 3%. Based on productivity improvements in aircraft and operation, airlines
were able to lower fares in an effort to remain competitive. The industry is highly cyclical

but even in profitable times does not generate exceptional returns [29].

Research Issue 6: Missing quantitative capabilities to assess novel ground operation

processes

Novel aircraft operational approaches are driven by the investigation of aircraft configura-
tions in combination with integrated innovative sub-systems. Recent research projects and

conceptual studies target time efficiency improvements, increased predictability as well as
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reduced disruptions with the main focus on passenger processes, airport infrastructure and
ground handling procedures [33-36]. From an aircraft perspective, optimized cabin layouts
featuring foldable seats [37, 38|, hand luggage stowing [12] and door positions [12, 37, 38]
could contribute to further reduce the process times. However, these disruptive conceptual

ideas demand advanced quantitative assessment capabilities.

During the early stages of the conceptual aircraft design phase, ground operational re-
quirements are traditionally not foregrounded. Aircraft performance characteristics and
payload capabilities are considered as major design drivers and the compatibility with
current airport infrastructure and processes is ensured [39]. Most studies of the air trans-
portation system assume the related processes to be of constant length or do not even
consider ground operations [19]. Hence, the development of assessment capabilities for
ground operational performance is backwardly compared to other areas. Additionally, a
lack of public accessibility and their inapplicability for advanced concepts [40] increases

the demand for new solutions.

1.2. Research objectives

The interaction between aircraft en-route operations and airport infrastructure is exposed
to manifold influences where for aviation stakeholder it remains crucial to deliver cost
efficiencies and productivity improvements. A range of concepts targets to increase the
current performance, however quantitative assessment capabilities enabling a coherent and
holistic selection of the most promising novel and disruptive ground operation concepts

are non-existing thus far.

Outlined below are the proposed goals of this thesis, comprised of three conceptual ob-
jectives and one methodical objective addressing the aforementioned identified research

issues.

Research Goal 1: More time efficient passenger egress and ingress processes

One main contribution of this research is to develop compatible conceptual aircraft cabin
layouts to reduce the time of the passenger egress and ingress processes. Efficiency gains
in these procedures, based on its importance and vulnerability, would simultaneously
shorten aircraft ground times contributing to address RI 4 (extended ground times reduce
aircraft utilization) and lower the aircraft operator cost (RI 5 - increasing cost pressure
for aviation stakeholders). The design scope is narrowed down to the short-to-medium
haul segment addressing RI 1 (increasing passenger numbers result in prolonged egress

and ingress time).
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Research Goal 2: Development of robust and reliable turnaround processes with en-

hanced performance

The developed aircraft cabin layouts should be embedded within novel ground operational
concepts which target an enhanced turnaround process from a holistic point of view.
Specifically, this means, turnaround processes should be competitive in terms of required
time and resources as well as compatible with current airport infrastructure and aircraft
types. This could free up additional capacities at airports (addressing RI 2 - capacity
constraints at major hub airports) and increase aircraft utilization (RI 4 - extended ground
times reduce aircraft utilization). The attainment of defined process target times should be
developed through a simplification, shortening, parallelization or abolishment of current
procedures. In this context, the robustness and reliability towards external events, such
as schedule disruptions (RI 3) and particularly passenger processes (RI 1), should be

increased.

Research Goal 3: Identify cost competitive concepts

For all aviation stakeholder, such as airlines, airports and manufactures, it remains crucial
to operate in a cost efficient way. This demands for an assessment of operational economics
of the novel concepts to identify cost neutral or benefitting solutions as a response to RI

5 (increasing cost pressure for aviation stakeholders).

Research Goal 4: Develop assessment capabilities for novel and disruptive ground op-

eration processes

The realization of the previous conceptual goals requires a demonstration based on a
holistic evaluation and assessment. A detailed analysis of passenger flows in novel cabin
concepts necessitates a precise understanding and modeling of the passenger processes.
The obtained results should be included into the selection of best performing candidates
in terms of ground operation taking into account aircraft service procedures, such as
refueling, cargo loading and cabin service. The demonstrator should be flexible, adaptable
and extendable for disruptive conceptual ideas. Furthermore, an integration of the results
into the early stages of the conceptual aircraft design should be feasible as well as the
availability within the research community to enable a reuse of the developed methods for
future research. This goal addresses RI 6 (missing quantitative capabilities to assess novel

ground operation processes).

1.3. Structure of the thesis

This thesis aims to develop a holistic assessment framework for advanced ground opera-
tional concepts. The research issues presented in this chapter provide the motivation for

this work. Chapter 2 aims to support the assumptions and research goals presented in the
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introduction. After a general description of aircraft operation from an operator perspec-
tive (Section 2.1), an overview of current ground handling operations is given. Section 2.2
covers, besides the turnaround process, also the aircraft cabin layout as well as regulations
and guidelines in place. A review of related research projects and conceptual studies is
presented in Section 2.3 covering aircraft handling and aircraft design implications driven
by cabin designs. The current state-of-the-art in aircraft turnaround modeling and pas-
senger flow simulations is covered afterward (Section 2.4). Previous research efforts are
structured in the conclusion of Chapter 2, aiming to define Expected Contributions in the

context of research gaps in existing research.

Chapter 3 introduces the methodical approach undertaken to enable a holistic assessment
of advanced ground operational concepts. The framework combines cabin design heuris-
tics, passenger flow simulation, turnaround modeling, operational cost assessment and an
interface with state-of-the-art aircraft design tools. For each module, the core method
functionalities are highlighted as well as their interfacing. The validation of developed

framework for state-of-the-art single- and twin-aisle aircraft is presented in Chapter 4.

The application to selected case studies is outlined in the following, starting with an
overview of the sensitivities to be investigated for each framework module. The ana-
lyzed sensitivities comprised passenger characteristics and the impact of changes to the
cabin layout. A combination of design driving parameters is combined to form two in-
tegrated studies which are further examined on aircraft, turnaround and operating cost
level. Chapter 5 concludes with a recapitulation of the study results and a discussion
about the concept integration into current operations and aircraft design programs. An
overall discussion of the research contributions, critical assessment of the applied methods

and potential future work is presented in Chapter 6.



2. Review of research on aircraft ground
operation

Airports have been repeatedly challenged by new aircraft programs throughout the history
of aviation, even if current aircraft processes on the ground seem archaic. Some of those air-
craft were revolutionary for their time, such as the Boeing 747 (B747) in 1970 and recently
in 2007 the Airbus A380. Before the B747 entered service, a thorough understanding of
the terminal-related functions, ground handling characteristics and operational economics
was necessary for the determination of aircraft servicing so it would not be limited by
facilities [41]. The B747 revolutionized the cargo handling in terms of speed, through
the introduction of further automation with unit load devices (ULD). Prior to the entry
into service (EIS) of the A380, the stakeholders involved analyzed their current airport
systems to identify shortcomings and requirements for improvement [42]. Consequently,
airports had to expand their runways, taxiways and gate positions to accommodate this
new aircraft type. Applying modified processes in conjunction with adapted GSE allowed
new aircraft types to be successfully operated at existing airports and partly improve the
operation of existing aircraft types. The next generation of aircraft featuring more-electric
systems, hybrid-electric propulsion or non-drop-in fuels will again challenge the airports

143).

After an introduction to different aircraft operator business models, this chapter provides
an overview of aircraft ground operations for contemporary single-aisle (SA) and twin-
aisle (TA) single-deck aircraft. The aircraft characteristics related to ground operation
are reviewed first and subsequently the procedures of an aircraft turnaround as well as of
the passenger ingress are outlined. A summary of regulations and guidelines concerning
aircraft design and ground operation in place is given in Section 2.2.4. In the second part
of this chapter, a summary of studies which focus on the aircraft turnaround process is
provided and pathways for process improvements are explored (see Section 2.3). Further-
more, a review of existing aircraft turnaround modeling approaches as well as simulations
for passenger egress and ingress is conducted aiming to find solutions which allow a holis-
tic performance assessment during the early stages of a conceptual aircraft design project.
This chapter concludes with a recapitulation of the findings enabling a sharpening of the

pursued research goals and the definition of expected contributions of this work.
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2.1. Aircraft operator perspective

Airlines provide air transport services for passengers and freight using owned or leased air-
craft. Aircraft operators have incorporated diverse business models which can be divided
into the full service carrier (FSC), also referred to as network or legacy carrier, and the
LCC known as no-frills, budget or low-fare airlines which emerged during the 1970’s [44].
Furthermore, regional carriers operate in an effort to provide connections to communities
with reduced demand while charter carriers lease their entire aircraft without a specific
flight schedule. However, this distinct differentiation is blurring, since carriers in each

classification are adopting the best features from others [45, 46].

The FSC are characterized by the traditional hub-and-spoke network serving from large
cities and using a mixed fleet. The passenger is usually provided with a high level of
service on ground and in-flight. There is no standard business model or definition for
an LCC. The term itself incorporates a wide range of airlines with significant differences
in the type of routes and the level of passenger service offered [31]. The LCC business
model still remains competitive due to the economic principle of density which targets to
maximize the flying time as a result of reduced ground time [47]. The airport infrastructure
should allow quick turnarounds with simple terminal layouts, fast check-in facilities, good
passenger facilities and accessibility [48]. This improves the operational efficiency of the
airline by increasing its aircraft utilization [49]. LCC service their point-to-point network
from secondary airports or former military bases in order to reduce infrastructure costs and
airport charges. These uncongested airports enable reduced taxiing and holding leading
to a higher punctuality rate [28, 50]. However, recently a shift towards larger airports and
the offering of connecting flights was identified [46]. As the majority of them does not
sell connecting flights on their websites, a shorter turnaround time means higher aircraft
utilization. This is accompanied by reduced catering and almost non-existent belly-cargo
loading [51]. Typically, the cabin layout is in one-class configuration with roughly 18 %
more seats than FSC. The service level on-board is reduced and the selling of food and
beverages in-flight generates additional revenues in addition to that generated by the sale
of preselected seats. All this contributes to the streamlining of tasks and processes leading
to significant cost advantages [28, 48, 52, 53].

2.2. Overview of current ground handling operations

Aircraft ground handling, or also referred to turnaround, is a fundamental part of com-
mercial aircraft operations and describes all operations for preparing an aircraft for the
next flight. The turnaround process starts when the aircraft reaches the parking position
after landing and the chocks are set (on-block time). The parking position can be either
located at the terminal referred to as gate position or on the apron, known as remote
position (see Figure 1.2 on page 2). The process ends when the aircraft is ready to leave

and the chocks are removed (off-block time). Commercial aircraft depend on vehicles
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and systems known as GSE to perform the required processes. The turnaround time de-
pends on the business model of the aircraft operator which influences the aircraft type,
the number of passengers, amount of loaded and unloaded cargo. In addition, the parking
location of the aircraft, the level of cabin services and the passenger boarding sequence
is affected by the aircraft operator. The aircraft turnaround consists of various processes
which are provided by more than one service provider. The course of activities follows
a strict chronological order, however some processes can be executed concurrently, while

others only sequentially.

2.2.1. Aircraft characteristics related to ground operation

Aircraft are equipped with multiple interfaces, such as doors and hatches, to exchange
goods, passengers or liquids during the ground service. The position of these interfaces
may vary, if the aircraft features wing-mounted or aft-fuselage-mounted engines, or if it is a
low-wing or high-wing aircraft. A cluster analysis of regional and SA aircraft in and out of
production [54] revealed a trend shifting towards communality, such as for the potable and
waste water connector at the aft fuselage (see Figure 2.1a and 2.1b). Also, the electrical
power interfaces are in general located in the forward section of the fuselage, as illustrated
in Figure 2.1c while the fuel connector is located on the outer side from the engine. Figure
2.1d depicts that in general passenger doors are located at each end of the passenger cabin
enabling an uninterrupted passenger cabin and allowing a freely adjustable seating layout
in terms of seat pitch and class configuration. Galleys and lavatories are situated in the
entrance area enabling an easy trolley exchange through the opposite service door during
the aircraft turnaround. Larger SA aircraft feature additional quarter doors (L2) in front
of the wing due to their higher passenger capacity which allow for passenger egress and
ingress. Due to the spatial separation of passenger boarding and cargo operations, cargo
doors are, in general, located on the right side. High-wing configurations with turboprop
engines allow boarding and disembarking as well as loading and unloading operations to be
easily performed without the requirement of external airstairs due to the lower sill height

[54].

The seating layout inside the fuselage is driven by the number of passengers transported,
door positions and the operator’s business model. The latter determines the number of
cabin classes, the targeted aircraft operation in terms of average flight distance and the
seat pitch. The existence of premium cabin classes requires a higher ratio of lavatories and
galleys per passenger compared to SA layouts with only economy seats. This applies also
for long-haul operations. Overhead bins for luggage storage are mounted on the ceiling on
both sides along the aisles. For SA aircraft above 50 passengers, a common seat abreast
varies between 4 - 6 and for TA aircraft it ranges from 7-10. The resulting fuselage width

should be compatible to fit current ULD types into the cargo compartment.
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Figure 2.1.: Aircraft interface locations for short-to-medium haul aircraft (adapted from
[54]).

2.2.2. Aircraft turnaround processes

The ground power supply is connected after the chocks are placed before the wheels.
This allows the engines and auxiliary power unit (APU) to be turned off. If the climate
conditions require, the pre-conditioned air (PCA) unit is connected. A passenger jetbridge
typically docks at the front left side door (1) at the terminal parking positions (see Figure
2.2a). At remote apron positions, passenger stairs or aircraft-integrated stairs are used on
the forward (L1) and aft left side door (L4). As soon as the doors are opened, passenger
disembarking begins and simultaneously cargo and baggage are unloaded. Also at this
time, the potable water is replenished. Hygienic standards prescribe this service to be
completed before waste water servicing may commence (see Airport Handling Manual
(AHM) 440 [55]). The equipment may be repositioned, since certain aircraft feature
more than one waste tank. An aircraft is refueled after the last passenger has left the
aircraft, according to requirements stated in EU-OPS 1.305 (FAR 121.570) [56, 57]. In the
meantime, the flight crew can begin preparation for the next flight, check the airworthiness
of the aircraft with a walk around, set up the flight computers and execute system checks.
The cabin crew examines the general cabin condition and cabin emergency equipment [58].
Inside the aircraft cabin, the catering provider exchanges the trolleys and the cabin interior
is cleaned and prepared for the next flight. These operations are usually performed in the
absence of passengers because of noise and comfort issues. Once the cargo and baggage
unloading is complete, the loading for the next flight can commence. After the fuel has
been completely replenished, the passenger ingress is initiated and a final head count is
performed before leaving the parking position. Electrical power switches from the ground
power supply to the APU. The chocks are removed and if the aircraft is parked at nose-in

position, a pushback is required [59].

Figure 2.2a depicts a typical top view of the ramp layout at the gate position for a short-to-

medium haul aircraft. The left side doors are used for the passenger egress and ingress and
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Figure 2.2.: Airport turnaround operation (adapted from [59]).

the right doors are utilized for catering and cargo handling. Commonly, the position of the
service vehicles is predefined due to the interface locations of the aircraft. The correspond-
ing Gantt-chart (see Figure 2.2b) presents the duration of individual handling operations
in a sequence. The logical chain, regulations and restrictions due to limited space around
the aircraft lead to a strict chronological order for certain handling operations. These
operations mark the critical path of the turnaround process, since the minimum necessary
turnaround time depends on these. In most instances, the critical path consists of the pas-
senger and aircraft cabin activities, however in several circumstances the fueling operation
may become the critical path. Other activities, such as unloading, loading and aircraft
servicing, can normally be performed without impact on or from the critical path activi-
ties (AHM 021) [55]. Analysis for handling processes of short-haul flights by Fricke et al.
[60] underline that, besides passenger processes, catering and refueling also have a major
impact on the overall turnaround time. Thus, reducing time devoted to these processes
would shorten turnaround time, which un turn directly influences the gate utilization and

the number of flights that an aircraft can perform per day.

In the SA aircraft segment between 100 and 200 passengers, the turnaround time averages
35 minutes with a maximum of 51 minutes, as illustrated in Figure 2.3. The required time
averages around 17 minutes for regional aircraft and 61 minutes for TA aircraft. However,
the actual turnaround time of an aircraft is of a stochastic nature [61], since passenger
numbers, replenished fuel and cargo loads vary from flight to flight. Airlines try to handle
this variance through the incorporation of buffer times which leads to a large variation
of scheduled on-block times compared to the original equipment manufacturer (OEM)

guidelines.
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Figure 2.3.: Turnaround time correlation with the number of passengers for regional,
single-aisle and twin-aisle aircraft (horizontal lines represent median values,

based on manufacturer data) [40].

2.2.3. Passenger egress and ingress

As stated by Marelli et al. [16], passenger aircraft boarding process has been an issue since
the late 1970’s. The decline of the average boarding velocity is a result of increased hand
luggage, airline service strategies and passenger demographics. Other factors which influ-
ence the process include aircraft configuration, cabin layout, boarding schemes, passenger
properties and airport environment. One contributing aspect that cannot be influenced
by the aviation stakeholders are the passengers themselves. The passenger demographics
and therefore the travel behavior changes. The passenger ratio of male and female air
travelers’ shifts [62] as well as their anthropometrics in terms of average weight and body
size [63-65]. This results in a demand for more space to experience the same level of

comfort as before.

Common pre-boarding practices sequence families with small children and passengers with
restricted mobility to board the aircraft first. Second, passengers booked in premium travel
classes or with frequent flyer status are allowed to board the aircraft and finally all other
remaining passengers. After passengers have entered the aircraft, their initial goal is to
search for their assigned seat. They are limited in their movements due to the constricted
aisle layout. Prior to taking a seat, the outerwear is taken off and HL is stowed under the
seat or in the overhead bins. If a passenger blocks the aisle during this time, the stowing
task, it is referred to as aisle interference, as illustrated in Figure 2.4. A row interference
occurs when a passenger must wait for another passenger in their row to sit down before

they can enter the row, this often also results in an aisle interference.
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Row interference Aisle interference

Figure 2.4.: Row and aisle interference (based on [66]).

Passengers disembarking behavior, although not organized or planned, often follows a
distinct pattern; passengers will wait for other passengers in the rows before them to leave
before leaving themselves. This causes a queuing of passengers in the back rows. In most
cases, passengers in the same row will leave from aisle seat to window seat eliminating
the row interferences. The passenger’s behavior in an aircraft is comparable to a crowd

behavior where everyone tries to get to the same destination first [67].

In general, methods for a shorter overall boarding times offer a reduced ingress time
for each individual passenger [68]. Hence, a smooth boarding procedure would benefit
passengers and airlines in the same way, since the boarding procedure is the last process

to complete the turnaround [69].

2.2.4. Regulations and guidelines in place

The regulatory framework for turnaround operations examines the procedures from an
aircraft design point of view in the Certification Specification (CS) for Large Airplanes
CS-25 [56] and Federal Aviation Regulations (FAR) Part 25 - Airworthiness Standards:
Transport Category Airplanes [57]. From an operation perspective, guidelines can be found
in the International Air Transport Association (IATA) AHM, TATA Ground Operations
Manual (IGOM) [55], as well as the European Commission Regulations [70].

The cabin layout should be designed to allow evacuation being accomplished within 90
seconds (CS/FAR 25.803) through a distinct amount and size of emergency exits depending
on the number of passenger seats (CS/FAR 25.807 (g)). They should be distributed
uniformly along the fuselage (e), preferable in the proximity of the flight deck (j) and
near the end of the cabin on each side (f). The exits can show a certain asymmetry (d)
and should be located where persons using them will not be endangered by the propellers
(CS/FAR 25.809). Cabin attendant seats should be placed next to the emergency exists
to provide a direct view of the cabin area (CS/FAR 25.785 (h)). The minimum aisle width
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for passenger aircraft is defined as 0.38 m (15 in) on the floor and 0.51 m (20 in) at 0.64
m (25 in) above the floor level and should be connected with the emergency exits through
a passageway with least 0.91 m (36 in) width for larger exits (CS/FAR 25.813). For SA
configurations, no more than three seats may be placed on each side of the aisle in any row
(CS/FAR 25.817) and if the passenger seats are tilted towards the aircraft centerline, an
additional safety belt is required to prevent head injuries (CS/FAR 25.785 (d)). Stowage
compartments, such as the overhead bins, must be completely enclosed to avoid the items
to be moving around (CS/FAR 25.787).

To ensure safe operation, the aircraft should be staffed with one cabin crew member for
every 50 passenger seats installed (EU-OPS 1.990) also in the case of passengers are on-
board during ground operation (EU-OPS 1.311). While passengers board or disembark,
the aircraft should not be refueled. Otherwise necessary precautions must be taken to
initiate a required evacuation of the aircraft (EU-OPS 1.305, AHM 175, AHM 630). Be-
fore the departure, all hand baggage which is taken into the passenger cabin should be
adequately and securely stowed (EU-OPS 1.270).

The IATA AHM [55] covers process specifications for passenger, baggage and cargo han-
dling, and moreover serves as a guideline for aircraft loading and airside safety manage-
ment. All aircraft operators should determine a ground time which is designed to meet
operational requirements but should not compromise safety (AHM 021). In general, the
potable water servicing should comply with the World Health Organization (WHO) stan-
dards and the connectors shall be kept at certain distance away from the waste storage or
treatment and toilet servicing equipment (AHM 440/441). The IGOM delivers step-by-
step procedures for each necessary handling task. Cabin baggage cannot be accepted, if
it is unsuitable due to its weight, nature, or does not fit under the seat or in the overhead
compartments. Baggage is characterized as bulky or oversized, if its weight exceeds 32
kg (70 1b). Also, the incident reporting duty is highlighted, since aircraft damage can
endanger passengers and employees, and the resulting disruptions could negatively impact

safe airline operations [55].

2.3. Related research projects and conceptual studies

Recent research projects and conceptual studies are targeting an evolution of the ground
operation processes towards improved time efficiency, increased predictability and reduced
disruptions. The targeted time frame spans from short-term concepts (<10 years) to long-
term disruptive solutions (>30 years). This section first summarizes studies which focus
on the aircraft turnaround event before pathways for improved passenger processes are

explored.
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2.3.1. Aircraft ground operation concepts and studies

A review of research projects and conceptual studies covers ground operational concepts
in terms of airport infrastructure, passenger and turnaround processes and aircraft con-
ceptual changes. An overview of the investigated projects is summarized in Table 2.1.
From an airport point of view, modifications of current boarding bridges are investigated
to speed up passenger processes using multiple doors [33]. An additional underground
supply system for electrical power, potable and waste water and PCA, besides the ex-
isting fuel pipe system, could minimize the number of GSE and apron traffic [34-36].
A relocation of the aircraft interfaces for fuel, potable and waste water, ground power
and PCA becomes feasible in this context. Process times are unaffected by the changes,
however the number of required vehicles can be dramatically reduced as well as required
manpower and complexity of the ground servicing procedures. The aircraft itself would
need additional ducts and pipes, if traditional locations of sub-systems are not changed
[54]. The application to existing airports is limited for most of these concepts, since infras-
tructural modifications would disrupt the operation heavily and require huge investments.

Furthermore, backwards compatibility with current aircraft in-service hast to ensured.

Table 2.1.: Overview of analyzed European research projects [33-36, 71-75].

Scope Results

) . g g P g 2 g @

Project Duration T g E 7 =% g 2

TET OE & £ ¢

§6F 3 § 3 &

E-CAB 2006-2009 X X X
ALOHA 2007-2011 X X X

ASSET 2008-2011 X X X

TITAN 2009-2013 X X X

The 2050+ Airport  2011-2014 X X X
FANTASSY 2012-2014 X X

INTERACTION 2013-2016 X X X

Automated de-icing and GSE docking could be accomplished in the short term aiming to-
wards a higher automation in apron services. A combination of machine vision algorithms
and targets on the aircraft fuselage enables the automated docking of passenger boarding
bridges or cargo loaders [33]. A further step would be fully autonomous moving ground
vehicles with remote monitoring and control. In this context, robots are used to transfer
baggage, consumables and equipment [33-36]. These concepts could minimize the GSE
docking and maneuvering time while simultaneously avoiding potential collisions. Ma-
ture technologies would also be required to provide security against hacking of the control

system and in case of incidents, liability issues need to be addressed.
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In the past, studies have investigated aircraft which are equipped with all tools and equip-
ment required for an autarkic turnaround [34-36, 71]. Novel aircraft configurations that
integrate innovative subsystems optimized for ground handling activities increase the in-
dependence from airport resources and reduce the number of required GSE. A quantitative
assessment of a high-wing aircraft with tail-mounted engines, integrated stairs, foldable
seats and conveyor belts inside the compartment revealed around 4 % higher DOC per
seat-mile compared to a state-of-the-art reference aircraft. The gained benefit of the in-
creased utilization could not outweigh the drawback of a higher maximum take-off weight
(MTOW) due to the embedded systems [71].

The so-called SkyGate vehicle [76-78], which is designed with a minimal number of inter-
faces between aircraft and ground could reduce turnaround time through the realization
of passenger egress and ingress during taxiing operations. The vehicle combines the func-
tions of a towing truck, a shuttle bus and a jetbridge into a single multi-functional vehicle
driven by electric motors and controlled autonomously. The main idea behind this concept
is to let passengers disembark the aircraft directly into the new vehicle as soon as it was
docked to the aircraft directly after the latter has vacated the runway upon arrival. While
the disembarking is in progress, SkyGate tows the aircraft to its parking position, allowing
the aircraft engines to be switched off for fuel-saving and noise-reduction purposes. After
completing the disembarking process and separating from the aircraft at its parking posi-
tion, the vehicle continues its journey to the terminal, where passengers can disembark. A
first assessment shows an improvement potential of 8 % in reduced fuel consumptions per
flight and increased annual aircraft utilization by 11% on a 616 nm (1,141 km) mission
based on time ground time savings of 15 minutes per trip. However, regulatory barriers

concerning the passenger movement during taxiing still exist [76-78].

2.3.2. Studies and concepts to improve passenger processes

Current research shows six general development directions for improved passenger pro-
cesses and advanced aircraft cabins: boarding schemes, aisle, door, seats, hand luggage
storage and general layout modifications [38]. An overview of the associated concepts is

listed in Table 2.2 and key aspects are highlighted in the following.

Boarding strategies

Airlines seek alternative strategies to increase boarding process efficiency. They have ap-
plied various boarding strategies that call for a predefined sequence of passengers entering
the cabin depending on their allocated seat. Nyquist [79] and recently Jaehn and Neumann
[80] provide an overview of Operation Research (OR) in this field covering methods such as
back-to-front, zone boarding or random seating. Steffen and Hotchkiss [81, 82] conducted
an experimental comparison of different aircraft boarding methods and found a significant
reduction in the boarding times when using improved methods. Methods which call for

parallel boarding processes showed more efficient use of the aisle. If more passengers stow
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Table 2.2.: Overview of cabin modifications. *Benefits are measured against random

boarding (based on [38]).

Modification Concept Benefit Method Reference
) Steffen and Hotchkiss 25%* simulation [81, 82]
Boarding
Milne and Kelly 28%* simulation [83]
Strategy
Zeineddine 24%* simulation [84]
Ais] Aisle width (0.2m) 5-7% simulation [12]
isle
Multi-aisle (two) 50% simulation [12]
Quarter door 3-24% simulation [12, 69]
Door Door size - - -
Number of doors (two) 30-47% simulation [12]
Seat Sideways foldable seat (SFS) 60% simulation [92]
ea
Lifting seat pan (LSP) 37% simulation [90, 91]
Luggage Larger overhead bins - simulation [12]

Storage Center luggage storage - -

Increased seat pitch - - -

Layout
Multi-deck - - [76, 77, 97

their luggage simultaneously, the number of aisle interferences is reduced which leads to
increased speed in passenger ingress by almost 25 %. Building upon these findings, Milne
and Kelly [83] presented a modified method in which passengers are individually assigned
seats based on the amount of luggage they carry with the goal of distributing them evenly
throughout the aircraft. The results show efficiency gains of up to 28 %. However, most
of the strategies tested are not practical in regular flight operation as passengers must be
grouped in a predefined way, which can split some groups. To avoid that, Zeineddine [84]
proposed a dynamically optimized boarding strategy where passengers are sequenced in a
boarding queue based on their seats’ positions, associated groups, and the possibility of
interferences, immediately after the last check-in. The results of this strategy show similar

performance as compared to the Steffen strategy [81].

Only a few studies have investigated disembarking methods. The results show that
the commonly used random strategy is competitive, but could be enhanced by a re-
verse window-to-aisle strategy where passengers seated on the aisle leave the aircraft first
[67, 85, 86]. In this case, the applicability in regular operation is questionable due to the

intrinsic passenger urge to leave the aircraft.

Aisle

A widening of the aisle results in a reduced seat width, seat abreast or in an increased
aircraft cross-section diameter. The latter requires new aircraft design programs which

manufactures try to avoid due to high development and certification expenses. The mini-
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mum aisle width for passenger aircraft is defined as 0.38 m (15 in) on the floor and 0.51
m (20 in) at 0.64 m (25 in) above the floor level (CS/FAR 25.815) [56, 57] (see Section
2.2.4). In current SA configurations, the aisle width is between 0.48 and 0.64 m (19 in
to 25 in) [59, 87]. First studies of an aisle widening of 0.20 m (8 in) show a boarding
time reduction potential for common SA aircraft, of 5-7 %, depending on the cabin size
and number of passengers. This results from fewer aisle interferences due to an increased

number of overtaking possibilities [12].

Switching from a SA layout to a TA configuration allows for the separation of passenger
flow into two different streams. This shortens the queue lengths and number of aisle
interferences. However, traditional SA configurations are superior in drag, weight and
fuel burn from an aircraft design point of view [88]. Fuchte [12] investigated SA and
TA cabin layouts in the range from 150 to 340 seats. A patent from Boeing [89] shows
a concept for around 200 passengers in a TA configuration, preferably, with a seven-
abreast configuration. A seven-abreast TA out-performs a six-abreast SA with 180 seats
in terms of boarding time by 50 % with HL taken into account. This results from fewer
seat interferences, slightly reduced walking distances and added overhead volume due to

a larger cross-section.

Door

Changes to the door positions from the cabin ends to the middle allow for the division
of the passenger flow into two separate streams. For SA aircraft above 180 seats, a so-
called quarter door could achieve a 3-24 % boarding time reduction [12]. The results,
correlated with the fuselage length, show larger potentials for higher passenger numbers
due to the separation of the doors along the fuselage. For smaller aircraft, the limited
fuselage length does not grant a sufficient margin between quarter and forward doors.
This concept, however, has a substantial aircraft weight penalty below 220 seats, since
then no full-size emergency exits are required [12]. Similar gains of 26 % have been shown
by Schultz et al. [69] of an A320 with 174 seats. Airbus and Boeing have presented in
their recent derivatives of the A320 and B737 family that it is possible to implement minor
modifications to doors and emergency exits enabling larger seating capacity and improved
cabin layouts [13, 14]. Thus, an enhanced aircraft could be offered to airlines without
engaging in the extensive certification process when modifications to the cross-section are

performed.

Significant improvements could be made using the forward (L1) and the rear door (L4)
simultaneously for passenger processes. Fuchte [12] showed a 33 % boarding time reduction
for this scenario. A further option is to install larger doors that allow two passengers to
enter the cabin simultaneously. This would split the passengers into two streams within
the jetbridge.
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Seat

The concept of a lifting seat pan (LSP), also referred to as cinema seats, was introduced
by AIDA Development [90] and initially assessed by Hertl [91]. The aim is to increase
the moving space of passengers in the row and enhance their access to the overhead bins.
The foldable seat pan allows passengers to step into the row, if the aisle seat is not yet
occupied, and to stow their hand luggage in the overhead bin without blocking the aisle.
If passengers try to get to their window or middle seat when the aisle seat is occupied, the
aisle passengers can stand up while remaining within the row, reducing the duration of aisle
interferences. First studies of Hertl estimate a 60 % boarding time reduction [91]. A similar
concept called sideways foldable seat (SFS) allows the aisle seat to slide over the middle
seat, as proposed by Molon [92], or under the middle seat, as introduced by Isikveren
et al. [93, 94]. This enables a three-fold increase of the aisle width allowing passengers
seamlessly to pass other passengers who stow their hand luggage in the overhead bins.

Molon estimates a 37 % boarding time reduction [92].

Hand luggage storage

The HL is usually stowed in the overhead bins and under the seats. Since the storage
volume is often at its capacity limits, an increase of the overall volume or an increase of
the efficiency to stow large HL items is favored [12, 95, 96]. A concept from the German
Aerospace Industry Association shows a central luggage storage concept where passenger

can drop off their bags close to the entrance door [97].

Cabin layout

Although beneficial for passenger comfort, an increased seat pitch is disadvantageous for
airlines as it reduces the cabin’s capacity. For boarding and disembarking procedures, a
sufficient seat pitch would enable passengers to get to their seat without the need of other
passengers to stand up, thereby eliminating row interferences. Furthermore, passengers
could stow their luggage in the overhead bins without blocking the aisle, significantly

reducing aisle interferences.

An alternative proposal is the arrangement of passengers on two decks which could increase
the number of seats considerably. A design study, based on a typical narrow-body aircraft,
accommodates several passengers in the under-floor space, which is used today for cargo
[76, 77, 97]. This change would only require a slight enlargement of the fuselage diameter.
Rearranging the aircraft doors would enable parallel passenger boarding on the lower and
upper deck, as well as, on both fuselage sides. First estimations show that current egress

and ingress time could be retained despite a 20 % increase in number of passengers [76].
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2.4. Existing methodical approaches

The review of ground operation research projects and conceptual studies showed a large
diversity when it comes to their impact on current processes. To claim the required
resources for a further development in terms of their top level requirements (TLRs), a
holistic performance assessment is aspired during the early stages of a conceptual aircraft
design project. This section provides an overview of existing aircraft turnaround modeling
approaches as well as simulations for passenger egress and ingress. The focus is on their

application to assess the performance of the previously highlighted concepts.

2.4.1. Aircraft turnaround modeling

Various approaches exist to model airport ground operations in general. Most existing
frameworks follow the critical path method (CPM) which identifies time constraint aircraft
turnaround activities. These models usually do not capture the uncertainties of schedule
punctuality or the operational uncertainties of aircraft turnaround operations [98, 99].
The applied modeling techniques cover stochastic probability functions based on historic
data, discrete event simulation (DES) and agent-based simulation (ABS) approaches. A

summary of the reviewed frameworks is compiled in Table 2.3.

Focusing on a more detailed perspective, microscopic models are more flexible and repre-
sent the entities found in the real system with their individual attributes and behavior.
One approach applied to microscopic system modeling are ABS models. These are char-
acterized by common actions of autonomously deciding agents [100]. The system behavior
in ABS is modeled as a collection of autonomous decision-making agents, although each
agent individually assesses its situation and makes decisions based on a defined set of rules.
The modeling from the involved agents’ point of view is referred to as individual perspec-
tive. The resulting interactions are heterogeneous and can generate network effects [101].
The behavior of the overall system is based on the interactions of the entities as macro
phenomenon. This view also characterizes other modeling styles such as individual-based,
object-oriented or DES [100].

Ip et al. [102] proposed an ABS model to support the decision making in GSE alloca-
tion in an effort to minimize the chance of delays and operating cost. The considered
GSE and aircraft are performance-wise identical and all process times are assumed to be
determinable and known in advance. An approach using Petri nets' is pursued by Vi-
dosavljevi¢, and Tosi¢ [103] encompassing taxi-in, turnaround and taxi-out procedures.
Based on traffic data from Belgrade airport, the number or required GSE could be de-
termined. Voulgarellis et al. [104] proposed an airport ground handling simulation using
Matlab that aimed to estimate the number of required GSE to serve a specific flight plan.

Using model blocks for each operation, the airport operation dynamics can be simulated

'Petri nets are a graphical and mathematical modeling technique which consists of places, transitions

and arcs.
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and time delays can be predicted. The turnaround itself is not modeled in detail and is
assumed to last for a fixed time period. Following a similar approach, Ioannidis et al.
[105] built a model using Simulink. Andersson et al. [19, 106] proposed an integer pro-
gramming model® to capture the dynamics of the aircraft turnaround based on available
ground operational data. Their goal was to simulate airline operational decisions about
pushback times under resource constraints. Wu and Caves [22, 61, 107] published various
studies on the modeling and simulation of aircraft turnaround operations focusing on op-
erational uncertainties. They used a Markovian® type simulation model [107] combined
with Monte Carlo techniques® in order to capture the stochastic effects of flight punctu-
ality and operational uncertainties. With this method, the stochastic transition behavior
between major aircraft turnaround activities and potential disruption activities from pas-
sengers and aircraft ground services can be modeled. A second approach [22] applied an
analytical model to simulate the efficiency of aircraft turnaround operations at airports
targeted at minimizing the aviation system costs by balancing trade-offs between schedule

punctuality and aircraft utilization.

Focusing more on the individual ground handling processes, a detailed DES model of
the turnaround operations at Lelystad airport was developed by Mota et al. [108]. The
modular model covers a detailed airport layout representation and performed each ground
handling task using fixed process time values. The focus of the work from Norin et al.
[109] is on the de-icing services at Stockholm Arlanda airport. The compiled model covers
all procedures from the touch down and taxiing into the stand, the turnaround process
itself and ends with taxiing out to the runway and taking off. To model each process, the
commercial DES package ARENA [110] is used. The turnaround model includes some
simplifications in terms of process dependencies. A sophisticated virtual simulation-based
approach was presented by Tian et al. [111] to evaluate the handling of advanced air-
craft concepts with unconventional configurations, such as blended wing body (BWB)
and joined wing. This framework requires a three-dimensional aircraft model as input and
determines the vehicle movement paths during the simulation. Crénertz [112] developed a
detailed activity-based turnaround model focusing on the turnaround cost. The necessary
equipment and labor is assigned to each process allowing to capture detailed sensitivi-
ties. The commercial software Comprehensive Airport Simulation Tool (CAST) Ground
Handling [113] developed by the Airport Research Center (ARC) comprises ABS ground
handling simulation, three-dimensional visualization and collision detection. It provides a
chronological ground handling simulation considering rules and delays, compatibility anal-
ysis and detailed movement animation. Bevilacqua et al. [114] applied the commercial
simulation software ProSim [115] and WITNESS [116] to model ground handling opera-

2An integer programming model is a mathematical optimization where some or all of the variables are
restricted to of datatype integer.
3 A Markov model is a part of probability theory used in stochastic modelling to model randomly changing

systems where it is assumed that future states depend only on the current state not on the events that

occurred before it.
4A Monte Carlo approach relies on repeated random sampling to obtain numerical results.
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tions. The time for the sub-processes was determined with stochastic functions based on

triangular and lognormal distributions using historical data.

Based on an extensive dataset of recorded real turnaround events, Fricke et al. [10, 60,
117] produced statistical density functions for each sub-process of a turnaround event.
However, no distinction of the aircraft type or operation was conducted. Schlegel [118]
pursued a similar approach modeling stochastic functions for the turnaround processes
based on recorded flight data. He combined the determined functions to a simulation model
analyzing impacts of operational impairments. Sanchez [119] created statistical equations
based on real turnaround observations for each individual process of a turnaround. The
process times are calculated using a specific flow rate per minute for the exchanged good,

such as containers or passengers.

2.4.2. Passenger egress and ingress simulation

Different approaches to model passenger ingress and egress processes have been proposed
in literature, but distinguishing between these concepts is not straightforward. Table 2.4
provides an overview of existing microscopic passenger flow model approaches focusing on

aircraft and terminal applications.

Macroscopic models use a system of differential equations describing associations between
variables at the overall system level. A survey showed diverse macroscopic approaches
ranging from a physical-mathematical point of view using Lorentzian space-time geometry
and a CPM [120, 121], a non-linear assignment model with quadratic and cubic terms
[66, 122] to mixed integer linear programs [123] in combination with genetic algorithms®
[124].

Dealing primarily with boarding strategies, Van Landeghem and Beuselinck [125] applied
the commercial software Arena [110] to investigate boarding strategies. Ferrari and Nagel
[126] conducted a computer simulation similar to the latter using a simplified cell-based
simulation architecture. An ABS approach was pursued by Livermore [127] and Aude-
naert et al. [128] to investigate the applicability of boarding strategies. Cimler et al.
[85, 129] used an ABS model based on NetLogo® [130] to compare aircraft boarding and
disembarking methods. The model enabled the experimentation of various scenarios and
parameters settings, such as the number of passengers, the ratio of passengers carrying
luggage and the size of the aircraft. Also focusing on boarding strategies, Qiang et al.
[131] used a cellular automaton (CA) model based on the Nagel-Schreckenberg model,
which is a theoretical model for the simulation of freeway traffic, to test the behavior of

boarding strategies under different conditions considering seat and aisle interferences.

5A genetic algorithm is an evolutionary algorithm which is inspired by the process of natural selection.
5NetLogo is an open-source programmable modeling environment well suited for modeling complex sys-

tems developing over time. It is available under the terms of the GNU General Public License (GPL).

Further information can be obtained from https://ccl.northwestern.edu/netlogo/
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Table 2.4.: Overview of existing passenger flow simulations (n.a. = not accessible or currently not available for purchase).

Name Year Method/Tools Purpose Availability Reference
Landeghem and Beuselinck 2002 DES/Arena Boarding strategies n.a. / commercial [110, 125]
Ferrari and Nagel 2005 CA Boarding strategies n.a. [126]
Livermore et al. 2008 ABS Boarding strategies open-source [127]
Audenaert et al. 2009 ABS Boarding strategies n.a. [128]
Steiner and Philipp 2009 DES Boarding strategies n.a. [133]
Cimler et al. 2013 DES/NetLogo Boarding strategies n.a. / open-source [85, 129, 130]
Qiang et al. 2014 CA Boarding strategies n.a. [131]
Schultz 2010 CA Airport terminal n.a. [132]
TOMICS - DLR 2011 DES Airport terminal, aircraft de-/boarding n.a (68, 135]
PEDS - Boeing 1998 DES Aircraft de-/boarding n.a [16]
MASim - Richter 2007 ABS Aircraft de-/boarding n.a [137]
CAST Cabin - Airport Research Center - ABS Aircraft de-/boarding commercial [136]
Boeing 2013 CA Aircraft de-/boarding n.a [138]
Schultz et al. 2013 ABS Aircraft de-/boarding n.a [69]
Fuchte 2014 ABS Aircraft de-/boarding n.a [34]
airExodus - Fire SafetyEngineering Group 2015 ABS Aircraft evacuation commercial [134]
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A wider range of applications was targeted by the approach of Schultz [132] who devel-
oped a stochastic model for passenger movement behavior in airport terminal facilities
representing the extension of a spatially discrete microscopic model based on CA. The
Airplane Boarding Simulator by Steiner and Philipp [133] is a DES to study the influence
of differencing factors on the boarding time. AirExodus [134] is a comprehensive ABS
framework especially designed for aircraft evacuation certification which is commercially
available. It has the ability to represent agent interaction with signage and smoke, and

allows the simulation of thousands of agents without performance penalties.

Focusing on the application to aircraft cabins, Boeing’s [16] approach uses DES to com-
bine the effects of mathematical queuing theory with an analysis of random behavior. This
simulation features various interior configurations, passenger mixes, and boarding scenar-
ios. Passengers can be assigned certain attributes, such as walking speed, type of carry-on
luggage, luggage put-away time, and relationship with other passengers. Schultz et al.
[69] proposed a microscopic approach of modeling the passenger flow using an asymmetric
simple exclusion process (ASEP) where the passenger is defined as a one dimensional,
stochastic time and space discrete transition process. Based on a grid with a rather lim-
ited resolution, luggage stowing and seat interferences can be simulated. Other potential
disturbances, such as congested overhead bins, missed rows or overtaking passengers are
not taken into account. Their analysis focused on the application of boarding strategies in
conventional cabins. TOMICS by the German Aerospace Center [68, 135] is a DES built
for analyzing passenger flows within airport facilities, such as terminal areas and security
checks, as well as boarding and disembarking processes. The simulation features a com-
prehensive path-finding algorithm and cabin procedures, like luggage stowing, however the

adaption capabilities to deal with advanced cabin concepts are unknown.

The commercial CAST Cabin framework [136] is based on an ABS approach and provides
a promising implementation to model passenger boarding processes. A similar approach is
pursued by Richter [137] featuring a variety of agent properties as well as executable sub-
tasks, such as luggage stowing. Unfortunately, this framework suffers from performance
issues with an increasing number of agents. The approach of Fuchte [12] is based on the
latter model and eliminates performance issues. The simulation includes an overhead bin
model considering the actual remaining luggage capacity. The implemented path finding
algorithm disregards other agents which leads to queuing of passengers and during the
simulation no dynamic change of the path is possible. A patent from Boeing [138] describes
a three-dimensional ABS boarding and disembarking tool. Passenger characteristics are
described with walking speed and amount of hand luggage, and their interferences are

modeled with a predefined waiting time.

2.5. Recapitulation

The ground operational processes are the connecting element between aircraft en-route

operations and airport infrastructure. Aircraft operators are challenged by prolonged pas-
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senger process times, airport capacity constraints, schedule disruptions, reduced aircraft
utilization and the increasing cost pressure. Therefore, industry and research organiza-
tions are looking for solutions to enable competitive aircraft operations for all involved
stakeholders. Based on the outline in this chapter, general observations are given and
reference is made to the research issues depicted in the problem description in Section 1.2.
Finally, the research goals are refined to justify and detail the further method development

in this thesis.

Current ground handling operations

The current diverse market of airline types ranging from FSC to LCC demand for contra-
dictary requirements for future aircraft. Requirements differ for offered range capabilities,
in-flight amenities and turnaround performance resulting from the distinct operational

schemes, such as hub-and-spoke or point-to-point connections.

Especially, the aircraft ground handling is a highly competitive market with multiple
stakeholders. Unfortunately, this process often causes delays and disruptions which stem
from aircraft and ramp handling, passenger and baggage handling, the resulting damages
to aircraft and flight operation as well as crewing. This leads to substantial impairments
to airport operations. The regulated-driven sequential order of passenger and cabin pro-
cesses, and refueling often constitutes the critical path. Thus, a further parallelization or
shortening of these processes would reduce the overall turnaround, which could increase

the aircraft utilization.

Focusing on the passenger processes as the most time critical procedure of the turnaround,
a decrease in the boarding velocity was observed due to increasing load factors and an
excessive amount of HL. Not only airlines would profit from faster boarding procedures,
since it is the last process before the departure, also each passenger would benefit from
shorter queue length. However, the scientific driven analyses of the boarding process often

disregard operational facts, such as HL distribution or seat load factors.

Related research projects and conceptual studies

The review of conducted studies and developed concepts showed opportunities to free
up airport capacity through an optimized use of airport infrastructure (RI 2 and 3).
The reduction of additional buffers should allow faster door-to-door travel for passengers
which could generate higher revenues for airlines (RI 4 and 5). Promising approaches
try to reduce apron traffic through underground supply of liquids or parallelize passenger
processes and taxiing. A further parallelization or shortening of processes on the critical
path would reduce the overall turnaround time increasing the aircraft utilization. However,
this could push other resources to their limits, such as gate positions and taxiways, and so
far unconstrained processes might become constraining, including aircraft brake cooling

times or cockpit procedures.
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One aspect which cannot be influenced by the stakeholders are the passengers and their
behavioral patterns. Besides the application of boarding strategies, novel cabin layouts
focusing on aisle, door, seat, luggage storage and general layout modifications are another
way to increase the boarding efficiency (RI 1). Alternative door positions and adaptable
seats show large efficiency potentials with a comparatively low market entry barrier. A
combination of suitable concepts could implicate cascade effects which further increase the
expected benefits. However, the operational applicability including the economics of the
concepts’ integration still has to be shown, since they have not been seriously considered

by the aviation community.

Existing methodological approaches

The assessment of novel ground operational concepts relies on the modeling and simulation
of the processes during the early stages of the product development (RI 6). The variety
of models and frameworks dealing with the aircraft turnaround cover resource allocation,
operational uncertainties as well as the detailed modeling of each sub-process. Using
recorded data allows to follow stochastic approaches of modeling turnaround procedures,
however they do not permit to assess novel concepts with modified operations. Sophisti-
cated simulation frameworks built on three-dimensional aircraft models which require a
high availability of design-specific data and a detailed ground handling process definition
to assess each step in detail. Unfortunately, these data are often not available in the early
stages of the conceptual aircraft design. A compromise based on both approaches could
offer the necessary depth for critical processes, such as the passenger egress and ingress,

and a high-level model for the remaining processes.

In the field of passenger process simulations inside of the cabin, a variety of macroscopic
and microscopic models exist. Especially DES and ABS approaches allow to model the
individual behavior of each passenger during the boarding and disembarking process. Un-
fortunately, most of the reviewed frameworks are only published partly in form of research
papers and do not allow the access of the model foundation which is required for a deeper
understanding and for model extensions. Hence, the developed methods and tools should

be built upon open-source frameworks and ideally are made available to the community.

Expected contributions

This thesis focuses on the improvement of the passenger egress and ingress (Research
Goal (RG) 1) through the development of robust and reliable turnaround processes (RG
2). Based on a methodical review conducted in this chapter, assessment capabilities need
to be developed which allow a holistic concept evaluation (RG 4), since current approaches
are commonly not accessible nor extendable. The evaluation is done based on DOC to
identify cost competitive concepts (RI 5). These research issues and goals can be translated

into the following contributions which are expected in the scope of this thesis:
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Expected Contribution 1: The research of this thesis aims to develop a holistic assess-
ment framework for advanced ground operational concepts. The framework comprises:
(1) aircraft design heuristics, (2) passenger flow simulation, (3) turnaround modeling and
(4) operational cost assessment. Each module should be flexible and customizable for a
variety of application cases. The data exchange should be accomplished using defined
interfaces and, where applicable, a central meta model containing the data structure and

representation.

Expected Contribution 2: Through the usage of a consistent data representation with
a central meta model, an integration into existing conceptual aircraft design frameworks
becomes feasible. Insights from the ground operation performance are directly linked
to the overall aircraft design assessment which enables the developed framework to be

embedded in multi-disciplinary design optimization (MDO) environments.

Expected Contribution 3: A coherent down-selection of promising candidate solutions
is facilitated through the application of the developed framework to identify concepts with

enhanced performance.

Expected Contribution 4: The obtained insights of the concept evaluation enable the
identification of design criteria for the next generation of commercial transport aircraft,
addressing any exposed research issues. These criteria form the basis for strategy planning

of the involved stakeholders.



3. Methodical approach for a ground
operational assessment framework

A holistic assessment of aircraft ground operations during the conceptual design phase
is imperative in addressing the challenges of current ground operations. As illustrated
in Figure 3.1, a framework is proposed which comprises: (1) cabin design heuristics,
(2) passenger flow simulation, (3) turnaround simulation and (4) direct operating cost
assessment. Furthermore, an interface with state-of-the-art aircraft design tools is required
to investigate the in-flight performance (5). Each module was developed to be flexible and

customizable for the application to manifold concepts.

_______________
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Cabin E Cabin design di‘::::s?sns Passenger flow E:::ss Turnaround times Direct operating ! Ground !
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Aircraft Design
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Fuselage dimensions | | Aircraft top level requirements
. Fuel burn
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Figure 3.1.: Overview of the ground operational assessment framework modules and their

interaction.

The payload specification, operator business model and targeted aircraft category form the
input for the initial aircraft cabin layout generation. Design heuristics (1), covering current
regulations and empirical values, derive the overall fuselage dimensions. Furthermore,
they form the basis for a detailed cabin layout generation and the integration of novel
concepts. An in-depth analysis of the layout candidates is accomplished using agent-based
passenger flow simulations (2) which elucidates the best performing solutions. The use of
contemporary aircraft design tools (5) enables the derivation of trade factors for geometry
and OWE changes compared to reference configurations. This enables the evaluation of
in-flight performance of the investigated candidates. Changes to the cabin configuration
mainly influence the turnaround operations, which can be assessed using an activity-based
turnaround model (3). Finally a DOC analysis (4) is conducted to holistically assess the
results on a time and fuel burn basis. In the following, the structure and incorporated

methods of each framework module are highlighted.

31
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3.1. Cabin design heuristics

The aircraft design process starts from a cabin design point of view with the definition of
the payload, in terms of passengers and cargo, and their integration into the fuselage. This
produces basic fuselage dimensions, such as the diameter and length, which are crucial
for the subsequent design steps. Regulations according to CS/FAR [56, 57] have to be
ensured during the initial cabin design (see Section 2.2.4). The number of passengers and
basic seat dimensions are required as input to determine the overall fuselage dimensions.
Based on the operator business model, cabin class and the targeted aircraft operation, the
seat pitch is defined. These parameters are referred to as cabin top level requirements
(CTLR).

Fuselage width

The necessary fuselage width w .. depends mainly on the interior cabin width wcqp;, and
the fuselage wall thickness # 4., as illustrated in Figure 3.2. If the latter is unknown,
the empirical Equation (3.2) by Fuchte [12] can be used instead to determine the fuselage
width.

Wrfuse

Weabin

— /

Wgeat Waisle truse

Figure 3.2.: Cabin parameters and dimensions associated with the fuselage width.

Wfyse = Weabin 1 2- tfuse (31)

W fuse = 1.045 - Weapin + 0.084 (3.2)

The required cabin width wegp;, is the sum of the seat width wgeq of each seat in a row
and the aisle widths wg;se (Equation 3.3). Usually, SA aircraft above 50 passengers have
a seat abreast between 4 and 6, and for TA aircraft it ranges from 7 to 10. This results
from the regulation that no more than three seats may be placed on each side of the aisle
(CS/FAR 25.817). The minimum aisle width is defined as 0.51 m (20 in) at 0.64 m (25
in) above the floor (CS/FAR 25.813) [56, 57] (see Section 2.2.4).

k

Weabin = 5 Wseat,i + Ngisle * Waisle (33)
=1
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Fuselage length

Figure 3.3 illustrates the cabin parameters and dimensions associated with the fuselage
length. The length of the fuselage [t is mainly driven by the cabin length [ 4pi,. The
required space for the tail cone .., and flight deck [,,,sc can be estimated with Equation
3.5 [12]. The cabin length is the sum of the required length to place all seats lseqs, the
emergency exits leg¢ and the cabin monuments I,,,0,, such as lavatories or galleys. The
cabin floor area is of non-rectangular shape, since the fuselage is tapered in the forward
and aft areas. Therefore, a fuselage necking factor k,,..x is applied to account for deviations

from the rectangular shape.

R1
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lfuse

Figure 3.3.: Cabin parameters and dimensions associated with the fuselage length.

lfuse = leabin + lnose + lcone (34)

lnose;cone =16- W fuse (35)

lsea lem' lmon
lcabm = ! +k et (36)
neck

The required fuselage lengths for the seats l5eq¢ (Equation 3.7) is based on the number of
rows, which in turn depends on the seat abreast ng,,, the number of seats ngeq:, and the
seat pitch l,. The seat pitch is defined as the distance from any point on one seat to the
same point on the following seat. For economy class seating, the seat pitch varies between
29 in (0.74 m) for short-haul and 32 in (0.81 m) for long-haul aircraft [139]. Currently, no

CS/FAR regulation specifies a minimum seat pitch.

Nseat
lseat = —— s 3.7
L Nab D ( )
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The number and type of emergency exits must allow evacuation to be accomplished within
90 seconds (CS/FAR 25.803). These dimensions are specified in CS/FAR 25.807 (g),
however each aisle connected to a floor-level exit requires a passageway of at least 0.91 m
(36 in) (CS/FAR 25.813) [56, 57]. The required additional fuselage length for emergency

exits lezi¢ results from the minimal passageway width wy,, or the individual door width

Wdoor-

k

legit = Z max(wpw,iQ wdoor,i) (3'8)
=1

Usually, cabin monuments, such as galleys and lavatories, are placed at exits and are often
grouped to generate cabin sections. The equivalent fuselage length l,,,, (Equation 3.9) is

determined based on the required monument areas Agq req and Ajgy req-

Ayl + A

gal,req lav,req

lmon = T (3.9)
Zi:l Wseat i

The required monument areas Agqreq and Ajqy req are derived from the number of pas-

sengers n,q,; and a specific monument space requirement for each passenger kg0 The

values are empirically determined based on OEM data. For galleys in economy class the

k-factor results to kgasqa = 0.011% for short-haul SA aircraft and kgq 0 = 0.019%

for long-haul TA aircraft. For lavatories the values are kigy 50 = 0.014% and Kjgy tq =
9 m”

O-O m-

Agal;lav,req = TNseat * kgal;lav (310)

The fuselage necking factor k. results from the ratio of the ideal rectangular cabin area
Arect and the real area Ao, with the tapered forward and aft fuselage sections. These
values are empiricall determined based on OEM data. The fuselage necking factor amounts
t0 kpeck = 0.92 for SA and kjeer, = 0.79 for TA configurations.

Afuse,rect

3.11
Afuse,real ( )

kneck’ =

3.2. Passenger egress and ingress simulation

The passenger flow simulation [40] is based on a microscopic approach applying agent-
based modeling techniques as it has been pursued earlier by Richter [137] and Fuchte
[12]. Each passenger is represented as an agent with individual properties such as body
dimensions, walking speed, target seat or type of carry-on luggage. This allows agent

interactions to be modeled and to capture the resulting complex system behavior. Due to
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the unavailability of precise data during the conceptual aircraft design phase, the simula-
tion environment uses the generated cabin parameters of the previously introduced design
heuristics to generate a simplified two-dimensional representation of the cabin layout (see
Figure 3.4). Detailed cabin layouts are created allowing for advanced concepts modifica-
tions covering aisle, door, luggage storing, seat and general layout. A special focus is set
on modeling of the HL process, since this is currently one of the major bottlenecks dur-
ing boarding and it is often disregarded in most scientifically driven analyses (see Section
2.4.2). As a result, the simulation module produces detailed cabin designs and process

times.

Inputs Passenger flow Output

+ Cabin length simulation + Detailed cabin layout

+ Cabin width + Passenger process times
» Exits (number and location)

+ Seatabreast

« Seat pitch

+ Lavatories

+ Galleys

A 4

Figure 3.4.: Input and output of the passenger flow simulation module.

After a general introduction into agent-based simulation, the modeling of each element
(cabin layout, agents and their behavior) is further elaborated in detail. Concluding,

remarks about the framework architecture and the simulation execution are given.

3.2.1. Structure of agent-based passenger flow simulation

Agent-based modeling and simulation is an approach to model systems comprised of in-
dividual, autonomous and interacting agents. The system behavior is a result of the
collection of autonomous decision-making agents, although each agent individually as-
sesses its situation and makes decisions on the basis of a set of rules. The interactions are
heterogeneous and can generate network effects [101, 140]. In general, an ABS consists of

three elements:

e Environment, where agents act and interact
e Agents with their attributes

e Agent behavior and methods of interaction

3.2.1.1. Environment - cabin layout

The representation of the cabin environment is first introduced on a meta model basis
covering cabin elements and then the underlying mathematical counterpart is highlighted,

which includes the mapping of the model elements to a grid-based structure.
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Meta model

The specification of model elements allows for the build up of diverse environments where
agents move and interact. The meta model specification used to build up the underlying
data model structure follows the Essential Meta-Object Facility (EMOF) [141] standard
model-driven engineering provided by Object Management Group (OMG). In this defini-
tion, four model levels ranging from MO to M3 represent different layers of abstraction. As
illustrated in Figure 3.5, MO contains the objects of reality which are real aircraft cabin
parts in this context. These elements are represented in M1 as objects using the cabin
meta model syntax developed in M2. The definition of the M2 simulation meta model
follows the modeling syntax of the M3 Eclipse Modeling Framework (EMF) [142] Ecore
meta model which is a reference implementation of EMOF [143]. This enables the model

exchange with other frameworks following the EMOF specification.

Levels Example Description
+ class EMF ecore meta
M3 « reference del
+ datatype mode \

4 uses modeling
elements of

c .
o * name (string) N )
5| M2 « dimension [intint] Simulation
© « position [int;int] meta model \
1]
-8 uses modeling
k] « name: Seat 1D Simulati elements of
° M1 » dimension: [5050] imulation
o - position: [135;10] objects
-
are modeled with
MO A. Objects of the
reality

Figure 3.5.: Four-level modeling language stack of passenger flow simulation according to
EMOF [141].

The simplified structure of the M2 simulation meta model is depicted in Figure 3.6 using
Unified Modeling Language (UML). The Cabin class is the root element with references
to the cabin monuments and doors, and attributes defining the overall cabin dimensions.
The cabin monuments classes, such as Lavatory, Galley or LuggageStorage, inherit from
PhysicalObject the basic attributes, such as dimensions of the rectangular shaped object
and the position inside of the cabin. Also derived from PhysicalObject, the Seats are
grouped in Rows with a distinct seat abreast and assigned a SeatingClass, such as econ-
omy or business. For each Seat, a reference to one Passenger can be established. The
LuggageStorage objects are assigned to a certain area in the aircraft cabin and can either
be mounted to the ceiling or the ground. Their net volume is determined by the amount
of HL. which can be stowed. The Doors define the location where passengers can enter

and exit the cabin. Their basic attributes cover position and dimensions.
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Cabin Lavatory PhysicalObject
= 0..* -xPosition
Ie_ngth D -yPosition
-width . ]
; -xDimension
-aircraftType ; ;
-yDimension
Galley
0..*
LuggageStorage —D
-storageType
1..% -netVolume
0..*
Door SeatingClass Row Seat
-xPosition -travelOption n...x|-number 1...* |-seatType
-width -seatPitch
-doorType -aisleWidth
-isActive -rowStructure
Passenger

Figure 3.6.: Simplified UML meta model used for cabin layouts.

This meta model (M2) allows for the build up of various cabin layouts based on instanced
objects (M1). These cabin models comprise multiple object instances of seats, monuments
and doors with their pre-described attributes. The values for each attribute are assigned
during the object instantiation process. This data provides the basis for the model trans-

formation into a form suited for the simulation environments.

Mathematical representation

The cabin dimensions, in terms of length and width, are translated into a rectangular
grid of vertices. The advantage of a grid is that the axes are orthogonal and for the
determination of a position of a point, node or vertex vz, y], Cartesian coordinates can
be used. The grid itself is a representation of a directed graph G = (V, E), where V is
a set of vertices and E is a set of edges from each vertex in the graph. An excerpt of a
grid is exemplarily depicted in Figure 3.7. Each vertex v[x,y] € V is a zero dimensional
point. An edge (vg,v;) € E is a mathematical representation of a one-dimensional line
segment ending at two vertices vy and vy respectively. A weight function w(vg,vg) of an
edge (v, vy) describes the sum of distance between the vertices vy and vy and the assigned
cost of the target vertex vy [144]. The cost of each vertex allows to represent different

objects on the grid.

The grid of vertices provides in total eight movement directions which are captured through
the identification of the neighbor vertices, as illustrated in Figure 3.8. Their position is
referred to with cardinal directions. The vertical and horizontal distances between the

vertices are referred to as grid scale allowing to specify the accuracy level of the layout
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vplx,yl €V vilxyl eV

(wo,vi) € E withw(vg,vy)

volx,y] €V

Figure 3.7.: Basic graph theory terminology (based on [144]).

representation. The vertices themselves comprise information about their location, type
and associated cost. The vertex type can be either void, obstacle, agent, start or goal.
During initialization all vertices are set to type void. The cabin monuments, except the
ceiling-mounted LuggageStorage objects, are mapped to the grid as obstacles based on their
position and dimension. The doors are translated into starting locations for passengers.
The resulting grid with its vertices and edges describes the general cabin layout with

blocked and unblocked areas.

Grid Vertex with its neighbours Vertices properties
NW N NE N
Grid scale * Position

e e o0 ° « Cost value

e oo e ° . Property

e o 0 O [ ] .

o o 00 [ ] * VOId

c 000 e » Obstacle
EEREEE + Agent

e e o0 0 e Start

e o 00 [ ] N Goal

SwW S SE

Figure 3.8.: Grip composition and its properties.

To illustrate three-dimensional effects, such as lower ceilings or general preferred walking
paths, the default vertex cost can be adjusted. Around vertices of the type obstacle a
gradient of higher vertex cost is applied as well as below overhead bins. A lower value is
assigned to the vertices in the middle of the door entrance as well as the middle of the

aisle.

3.2.1.2. Agents - passenger

The representation of agents is also specified in the structure of the meta model at M2 level,
as highlighted in the previous section. The agents are characterized by anthropometric
attributes of waist width, body depth [145] and walking speed in the Passenger class
(see Figure 3.9). The selection of attributes is based on the findings of Liu et al. [146],
who showed that especially the waist width has a large impact on egress times beside the
walking speed. The walking speed is derived using a correlation in dependence of gender
and age [147]. The values for anthropometric attributes can be adapted to represent

passengers with different demographics. Furthermore, each agent is assigned to one door
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and one seat, which acts as starting point and goal for the pathfinding. Assigning the
seats in a predefined order to the agents allows to mimic group behavior as well as to

illustrate boarding sequences.

Door Passenger
—-gender
-age Luggage
-width 0...* -stowTime
-depth -stowDistance
-walkingSpeed -type
-boardingDelay -volume

Seat -mood

Figure 3.9.: UML of Passenger and Luggage.

The modeling of the Luggage is implemented with a high level of detail, since current
bottlenecks in daily operation result from a higher amount of carried HL. Each agent can
be assigned multiple luggage items where the number and type influence the walking speed.
Based on three different luggage types (small, medium and large bag) with associated
volumes, the required stowing time and distance from the seat where the luggage is stowed

is chosen. See Appendix A.1 for the used empirical data.

The two-dimensional oval agent body shape is approximated with a rectangular shape and
transferred to the grid of vertices, as depicted in Figure 3.10. The type of the affected
vertices is set to agent which also acts as a temporary obstacle to other agents. The vertices
around the body show higher cost to mimic the agents personal space. The structure of
the grid allows the agent to rotate in 45-degree steps. The associated luggage items are

not represented on the grid.

Walking direction

Real passenger shape

A ° v A

Body depth| * ° «——=—— Blocked vertex
vy o o R\A\A /A/A .

. ° » . ° ° L s¢—— Free vertex

L] [ ] o o [ ) o o o
Body width

Figure 3.10.: Grid based representation of Passenger.
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3.2.1.3. Behavior

The behavior of the acting agents summarizes all actions or tasks which can be executed
during the time until the final target is reached and more precisely how each situation is
handled. The decision which behavior is adopted in a certain situation is done during sim-
ulation runtime. The modeling of the agent behavior distinguishes between the following

options, with this set being extendible:

e Step forward
e Collision
- Wait
- Pass
e Wait for row clearance

e Stow luggage

From a cabin layout perspective, the collisions and luggage stowing are a representation

of aisle interferences and row interference is modeled by wait for row clearance.

The default behavior of the agent is to follow a certain path until its seat is reached. To
determine the path, more precisely the optimal shortest path, a pathfinding algorithm
is required. According to Cormen et al. [144], a pathfinding algorithm uses a general
weighted directed graph G = (V, E) with a weight function w(vg,v;) by starting the
search at one vertex and exploring adjacent vertices until the goal vertex is reached. This
is provided by the mathematical cabin representation consisting of the grid of vertices, their
distances and associated cost values. The weight w(p) of the path p = (vg,v1,...,vE) is

the sum of the weights of its constituent edges:

w(p) =Y w(vi_1,v;) (3.12)

=1

and the smallest path weight (v, v) from vy to vy is defined by:

min{w FUg ~ U if there is a path from vy to v
5(”07”1@) = { (p) 0 k} P 0 F (313)

00 otherwise

The shortest path from vertex vy to vy is then defined as any path p with the weight
w(p) = 6(vo, vk)-
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In literature, various pathfinding algorithms are documented [144, 148, 149], such as the
Breadth First Search, Dijkstra’s algorithm and A* algorithm, which differ in their per-
formance and ability to find the optimal shortest path. As depicted in Figure 3.11a,
the Breadth First Search explores the graph equally. Dijkstra’s algorithm instead favors
lower cost paths instead of exploring all possible paths equally and is guaranteed to find
a shortest path from the starting point to the goal (see Figure 3.11b). From a starting
point, the algorithm repeatedly examines the closest not-yet-examined vertex, adding its
vertices to the set of vertices to be examined. It expands outwards from the starting point
until it reaches the target. The A* algorithm is a modification of Dijkstra’s algorithm
that is optimized for a single destination, where the Dijkstra’s algorithm can find paths
to all locations, the A* algorithm finds paths to one location (see Figure 3.11c). Further-
more, it prioritizes paths that seem to be leading closer to the target. Dijkstra’s and A*
strategically eliminate paths to achieve lower time complexities [144, 149]. Since the A*
algorithm is well-documented in literature, widespread in game development and shows
performance advantages compared to other algorithms, it is applied for the simulation

framework here.

(a) Breadth First Search (b) Dijkstra’s algorithm (c) A* algorithm

Figure 3.11.: Pathfinding algorithms (based on [149]).

The A* algorithm [150] uses both the actual distance from the start and the estimated
distance to the target employing heuristics to guide its search resulting in better perfor-
mance. If the algorithm plans the next step, all neighbor vertices are assessed except for
the vertices which are already part of the current path, as depicted in Figure 3.12. All
paths identified from the neighbor vertices that lead to the target are built up and each

partial path is ranked in consideration of Equation 3.14:

fvo,vg) = g(vo,vn) + h(vp, vk) + c(vy) (3.14)

where g(vo,v,) are the known movement cost to traverse from vy to vy, h(vy,vg) is the
estimate of remaining distance to the target from the neighbor vertex v,, following a certain
heuristic, ¢(vy,) are individual additional costs assigned to the vertex vy, and f(vg,vy) is

the estimated final cost of path from the start vy to the current position v, through v,, to
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the target vg. The assessment of the final path cost f(vg,vy) is repeated for all relevant
neighbor vertices until the neighbor vortex vy, ; with lowest path cost f(vp, vx) is chosen as
part of the path (see Figure 3.12). This procedure is repeated until the target vertex (vy)
is reached. Revising the steps from the goal (vy) to the start (vg) produces the optimal
shortest path p with the weight w(p) = d(vo, vg).

Neighbors

Current
Start p CET/ Goal
® -

2 . vy
. >
g(Wo,vn,) h(vy,i,vk)

C(vn.i)

e >

fwo,vi)

Figure 3.12.: A* algorithm.

As proven by Hart et al. [150], the A* is guaranteed to find a path from the start to
the goal, if a path exists. Furthermore, the algorithm makes the most efficient use of the
heuristic, which means that there is no search algorithm that needs fewer vertices to find

the optimal path using the same heuristic function.

Classical heuristics functions! h(v,,v;) are Manhattan, diagonal, or Euclidean distance
calculations, and represent a minimum possible distance between the current vortex v,, and
the goal vg. The Euclidean heuristic function given in Equation 3.15 is used to determine

the remaining distance.

h(vn, vg) = \/(Uk,a: — Unz)? 4+ (Vky — Uny)? (3.15)

Step forward

To allow the agent to step forward, the stored shortest optimal path p with w(p) = 6(vg, vg)
is split into partial paths p(v,, v, ) of the length of a single step, where v, and v,, denote
the starting and ending vertex of this specific step (see Figure 3.13a). The step length
is determined based on the current walking speed of the agent (Figure 3.13b). From the
ending vertex vy, of the step, the neighbor vertices representing the agent body dimensions
as well as the vertices between the current v,, and desired position v,, are checked to see
if their type is woid. Subsequently, the area is blocked by the agent and the previously

occupied vertices around the starting vertex vy, are set to type void (Figure 3.13c). If one

!See [149] for more information about classical heuristics functions.



3.2. Passenger egress and ingress simulation 43

of the vertices are either of type obstacle or agent (not being the moving agent itself), the

step cannot be conducted. In this case, a collision occurs.

. . . . .
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Figure 3.13.: Agent moves one step forward.

Collision - wait or pass

If during the execution of a next step, one of the required vertices representing the agents
body dimensions are either from type obstacle or agent a collision occurs. Obstacles, such
as cabin monuments, are usually objects, which do not move at simulation runtime, while
agents occupy specific areas only for a limited amount of time. This can happen in the

following cases:

e The preceding agent walks slower than the following agent
e The preceding agent queues up behind another agent

e The preceding agent stows luggage

The agent can distinguish between two behavior patterns in the case of a collision: waiting
or passing. The environment of an aircraft cabin has a limited amount of space and so the
passing of a preceding agent may not be reasonable in every case, such as if the agent walks
slower than the preceding agent or if agents queue behind other agents. Collision-strategies
are introduced to model various personalities of agents, which resort to a different basis
for decision-making. Based on pre-defined agent characteristics a related collision-strategy

can be chosen.

Wait: Even with the decision to wait behind an obstacle or agent, the stored shortest
optimal path p is always followed. In very short iterations the vertices related to the next
step are checked for their status. This procedure is repeated until the required vertices

allowed to perform the next step are reached. Hence, the following of a slower agent
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through the aisle is feasible with short discontinuities in the average walking speed due to

the waiting procedure.

Pass: The second option in the case of a collision is to pass the blocking agent or cabin
monument, which requires recalculation of the initial shortest optimal path p. To reduce
the required calculation time, a local path repair strategy is applied [149] (see Figure 3.14).
Given the current vertex v, where the collision occurs, the remainder of the path is given
by p(Um,vk). A new path segment pspiice (Vm, vn) is computed, where v, is a vertex between
the current vertex v,, and the target vertex v;. From the remainder of the initial path
P(Um, vg), the path segment p(vp, vy) is removed and the new path segment pgpiice (Vm, vn)
is spliced in. The decision about the fitness of the new path segment pgpiice (Vm, vn) is based
on the weight comparison of Wepiice(Psplice(Vm,Vn)) and w(p(vm,vy)). Different decision

boundaries m > 1 can be set for each agent individually.

X AR XXX XX XXX XXX

Figure 3.14.: Local path repair strategy during the passing of a waiting agent.

Stow luggage

As soon as the agent approaches the ending vertex vy of the path p (its assigned seat)
optional carried luggage has to be stowed, either in the overhead bins or under the seat.
The position of the stowing process is determined by a pre-defined value for the remaining
path length p(vy, vi), where v, denotes the current vertex and vy the final target vertex.
At the vertex v,, available LuggageStorage elements are checked for their remaining storage
volume. Based on type and volume of the carried luggage items, a suitable storage space is
chosen. In the course of the required space calculation, the bulkiness factor of the luggage
items is considered. During the stowing process the agent position remains fixed. The time
required to stow the items is based on their type and is adjusted based on the current

filling degree of the LuggageStorage element. If the remaining volume of the available
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LuggageStorage elements reaches its limit, the remaining luggage items are stored in any
of the storages with available space and the agent’s stowing time will be increased by
a time penalty. After the stowing process is completed, the remaining path p(vy,,vg) is

followed until the goal seat vertex vy is reached.

Row interference

In contemporary aircraft cabins, not every seat has direct access to the aisle, hence agents
cannot reach their assigned seat with ease in each case, since other already seating agents
might block them (see Figure 2.4 in Section 2.2.3). As shown in Figure 3.15, after reaching
a vertex v, with the distance Iy, = d(z) = |vp — vy| in x direction, the seats which are
closer to the aisle are checked for their occupancy status. The distance of the agent in
this situation is equivalent to the seat pitch (Is,) which is just before the agent enters the
part of the row where its seat is located. Based on the number of identified agents seated
closer to the aisle, the required time for clearing the row and seating is determined. The
approaching agent blocks the aisle partly during this procedure.

%
X
x

X X X
®
X X X

“p with 8(vy, )

Seat pitch
lspzd(x)zlvn_vkl X X XN
X X X %
A X X X X
L— X X X %

Figure 3.15.: Row interference with one agent detected.

3.2.2. Framework architecture and implementation

The general workflow of the simulation is based on four steps. The detailed cabin layout
is generated based on the CTLR and the basic fuselage dimensions using design heuris-
tics. Cabin monuments and seats are positioned and sized under consideration of current
rules and regulations. In the second step, the virtual passengers are generated, with their
anthropometrics and assigned seat. In order to retrieve results which are not driven by
a specific set of agents and their characteristics, functionalities to conduct Monte Carlo
experiments are required. Therefore, agent anthropometrics and properties, such as walk-
ing speed and body dimensions, can be distributed among the agents using probability
functions before each simulation run. Since the input data set for the agent properties only
consist of minimum, maximum and mean values, a normal distribution is used to represent
real-valued random input variables. After cabin layout and agents are created, the initial
pathfinding is conducted to search for the most cost efficient path for each agent. The

agents interact with each other and the environment during the simulation. The current
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path is updated based on their implemented behavior and the simulation terminates after

all agents reach their assigned seats.

The set of problems to investigate aircraft cabin layouts with a couple hundred passengers
requires the execution of the single path finding algorithm for all agents, which demands
a performance driven architecture. The pathfinding between a unique start and goal has
to be conducted separately for each agent, even if the environment is equal for each agent.
A multi-threading architecture, which is supported by contemporary operating systems
and programming languages, allows the processor to execute multiple threads concurrently
alming to increase its utilization. The implementation of software architecture allows the
initial pathfinding and each path recalculation concurrently, raising the maximum possible
number of simultaneously acting agents. During the execution of the simulation, the multi-
threading software architecture underlines the autonomy of each agent following the path

to the assigned seat.?

3.3. Aircraft level assessment and mission performance

Pre-conceptual aircraft studies produce a set of TLRs which are binding for the forthcom-
ing design phases. In general, the product design process is broken down into conceptual

design, preliminary design and detailed design [151-153].

The conceptual design phase is characterized by an iterative procedure to identify the
most promising overall aircraft design concept. The objective is to find a design which is
technically and economically viable. Furthermore, the technical risks and cost of possible
failure are closely examined. Even if only a marginal portion of the life-cycle cost is spent,
irrevocable decisions on the aircraft design are taken which makes it difficult and costly
to modify later on. Therefore, an understanding of the detailed design, manufacturing
process, operation and sensitivity of the design is essential. The applied design tools are
semi-empirical and low to medium fidelity methods in trade-off studies and basic optimiza-
tions. The preliminary design phase targets to determine subsystem architecture, making
component trade-offs and optimizations. During the detailed design phase, the detailed
component geometry is specified and the manufacturing process is planned. Subsequently,
the actual components will be built, installed and tested [151-153].

To evaluate novel ground operational concepts holistically, an aircraft level assessment
covering en-route performance in terms of fuel burn and emission is necessary. Seitz
[154] and recently Briggs [155] provide an overview of available aircraft conceptual design
frameworks. Here, the Aircraft Preliminary Design (APD) commercial software package
by Pacelab [156] is applied. It supports the modeling, sizing, analysis and optimization
of new and derivative aircraft in the conceptual and preliminary design phases. The

design process is based on handbook methods [151, 152, 157] in an iterative process.

2The developed passenger flow simulation module "PAXelerate" [1] builds upon the OpenCDT which is

framework for conceptual aircraft design using Java Eclipse.
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Therefore, cascading effects are covered and all parts and systems are appropriately sized.
A mission analysis tool evaluates mission specific parameters, such as block fuel and time,
and determines a flight profile including step climbs, when practical. This can be applied
for design as well as off-design missions. Here, the focus is on the methods for the fuselage
and cabin interior mass estimation since they are influenced by the reviewed concepts in
Section 2.3.

3.3.1. Aircraft fuselage weight estimation

The fuselage mass Wy, is a deceive factor for the resulting aircraft performance. According
to the Luftfahrttechnische Handbuch (LTH) [158], the fuselage mass is calculated with
Equation 3.16 using only geometrical parameters, where l7,,. is the fuselage length and

d fyse is the fuselage diameter.

Wuse = 12.7+ (Ljuse - dfuse) " - {1 - ( —0.008- (CZ“ )2 101664 (Cl;;“ ) - 0.8501)
(3.16)

3.3.2. Cabin furnishing weight estimation

The implemented aircraft design process uses empirical correlation [152] based on the zero
fuel weight W, to determine the cabin furnishing weight Wy, covering the seats, wall
and floor coverings, cabin monuments and overhead bins. To account for changes in the
furnishing weight due to novel concepts, the delta weight (see Equation 3.17) has to be
determined which is then translated into OWE changes.

W purn = 0.196 - W, ;091 (3.17)

The baseline weight for doors, seats or storage compartments can be calculated as follows.
An assessment of current seat data shows an average seat weight for economy class seats
of 9.2 kg (20.3 Ib) and for business class seats of 61.7 kg (136.0 1b) [159].

The weight of additional doors Wy, depends on the maximum operation pressure differ-
ential of the relevant fuselage section Ap, the height hgoor and width wgee, of the door,
and the wetted area of the door Ay [152]. For emergency exits no reinforcement of the

frames are required.

Waoor =44.2 - Ap - Waoor * Ndoor + 22.3 - V Adoor (318)
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3.3.3. Fuel burn trade factors

The design studies undertaken are derived from a state-of-the-art SA and TA aircraft
type. Their aim is to show trade-offs between the cabin layout configurations investigated,
instead of providing optimized design studies. Using trade factors for deviations in OWE,
fuselage length and width account for changes in the cabin configurations in terms of fuel

burn. The trade factors are derived for both design and off-design missions.

3.4. Turnaround simulation

The following section explains the approach undertaken to model the turnaround op-
erations. For each turnaround activity the execution time is calculated separately and
dependencies in terms of concurrent or consecutive execution are incorporated in a sec-
ond step. Therefore, aircraft related input data about the number of interfaces and the
amount of goods which have to be exchanged is used as illustrated in Figure 3.16. The
structure of the underlying data model follows the EMOF [141] standard model-driven
engineering provided by OMG, as highlighted in Section 3.2.1.1. The turnaround module
covers passenger boarding and disembarking, cargo loading and unloading, cabin services
such as cleaning and catering, replenishment with fuel and water, waste water service and
ground power supply. Air conditioning and air starter procedures are not included. The
flexibility to simulate further parallelization or shortening processes is ensured, as it is

proposed by novel concepts (see Section 2.3.2).

Inputs »{ Turnaround module Output >
+ Passenger process times » Turnaround time
« Aircraft characteristics * Required equipment and labor
+ Passenger
+ Fuel

« Aircraft position (gate/remote)

Figure 3.16.: Overview of the in- and output of the turnaround module.

To evaluate the impact of modifications to passenger processes, it is necessary to integrate
the gained results into a holistic turnaround assessment. Based on the requirements in
terms of resources and process times, an evaluation of aircraft operating cost level becomes

feasible.

3.4.1. Input parameters definition

For the turnaround assessment, basic aircraft related input data about the number of
interfaces, such as doors or fuel connectors, and the amount of goods which have to be
exchanged is required. Using data from the detailed cabin layout generated during the
passenger flow assessment allows for the derivation of the number of passenger, lavatories

and galley space.



3.4. Turnaround simulation 49

For each passenger, a volume of potable water vyqter = 0.34% [119] has to be replenished

and a volume of vyqste = 0.0Q% [119] must be disposed. For short-haul operations, the

required number of galley trolleys for each passenger is vy = 0.05'5;0}{;;". The number

of bags ny.g to be unloaded and loaded can be estimated with Equation 3.19, where each
bag is assumed to weigh wyey = 13.6kg [119]. The passengers bags are either handled as
bulk cargo or are packed into ULD.

Tbag = 0.4296 - npay + 19.05 (3.19)

3.4.2. Process modeling

The approach to model each turnaround process is based on empirical data of turnaround
operations [43, 114, 119]. In general, each process time ¢, such as refueling or catering,
consists of a GSE positioning time t,,5, the process execution time t., and the removal
time tenm, for the GSE. Setup and preparation times are not accounted for, since they are
highly dependent on the airport layout. In some cases, an equipment repositioning time
trepos must also be accounted for. In the following, each contributing term of Equation

3.20 is examined in more detail.

tpT'OC = tpOS + tem + t'rem + trepos (320)

3.4.2.1. Positioning and removal of ground handling equipment

The time required for positioning t,,s and removing GSE t,.,, is dependent on the type
of equipment and the position of the interface on the aircraft. Since the exact dimensions
and locations of aircraft interfaces are often unknown during the conceptual aircraft design
phases, empirical data were consulted [114, 119]. A median value is determined for each
positioning and removal process based on empirical data (see Appendix A.2). In case an
equipment repositioning becomes necessary, such as to serve a forward and aft galley with
one catering truck, a repositioning time t,¢p0s covering the removal, vehicle movement?

and positioning process, will be accounted for.

t’/‘epos = trem + tmov + tpos (321)

3The average movement time tmo, is assumed to be 24 s which corresponds to driving 100 m (328 ft)
with 15 kph (9.3 mph)
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3.4.2.2. Process execution time

The individual process times t., are calculated using a specific flow rate 7.4 for the
exchanged amount of goods 4004, such as containers or potable water. Specific amounts
to be exchanged for the inbound and outbound flight are determined for processes which

distinguish between loading and unloading procedures.

ex — (322)

Boarding and disembarking

The passenger boarding and disembarking process time depends on various factors, such
as the number of passengers and doors used, as well as the seating layout and hand luggage
distribution. To capture these effects holistically, the process time tc; paz,in is determined
using the agent-based simulation framework described in Section 3.2. For passenger egress
time tey pag,out Equation 3.23 by Fuchte [12] is incorporated. The values for kq and ks are
listed in Table 3.1.

tex paz,out = k- Npaz T ko (323)

Table 3.1.: Values for k1 and ko using disembarking approach by Fuchte [12].

Configuration Seat Abrest Door k; ks
L1 0.033 3.272

Single-aisle 6 L2 0.032 2.888
L1+ 14 0.022 2.160

L1 0.023 1.316

6 L2 0.019 1.455

L1+ 14 0.015 0.868

L1 0.024 1.265

Twin-aisle 7 L2 0.020 1.394
L1+ 14 0.016 0.835

L1 0.024 1.162

8 L2 0.021 1.283

L1+ L4 0.016 0.767

Catering

During the catering operation, galley trolleys with food and beverages are switched be-
tween the aircraft and the catering vehicle. In general two types of galley trolleys are

distinguished: half- and full-size trolleys. If galleys are placed at both ends of the aircraft,
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either two catering vehicles are required or a repositioning is necessary. The execution

time is given by the trolley exchange rate r.,; and the number of full-sized trolleys no

trolley
min

to be unloaded and loaded. An average value of 7.4t meqd = 1.2 is used for loading

and unloading [114], since these tasks are often done simultaneously.

TNrol

(3.24)

tew,cat =
Tcat

Cleaning

The cabin cleaning is tailored to airline specific requirements. Often only garbage is
removed and the overall cabin condition is checked during a transit stop at a non-hub
airport. At the home base, the seats and tray tables are cleaned as well as the carpet.
Furthermore, the surfaces in galleys and lavatories are cleaned [112]. The required cleaning
time tey clean depends on the aircraft size in terms of passenger seats 1 eqt, galley size as
a measure of number of trolleys 144 rot and number of lavatories n4,, and the number of

employed cleaners neqn. For each cleaning task, average durations are assumed.*

_ MNseat - (tseat,sur + tseat,vac) + Ngal,trol * tgal,trol + Njaw * tiaw
tex,clean - (325)

Neclean

Cargo

The cargo unloading and loading covers the handling of bulk cargo, which are individual
passenger bags or other goods, and the exchange of ULD. ULD are standardized containers
fitting into different aircraft fuselage geometries. Access to the cargo compartment is
predominantly given by one door in front of and behind the wing box [54]. The handling
of ULD is more automated resulting in higher flow rates. The average rate for bulk cargo
is rpur = 8%9 and for ULD depending on their type, where for the common LD3 type
ULDs the rate is 744 = 0.53YER [112]. The cargo process time for unloading and loading

min

accounts in each case for te; cargo Where the longer process between bulk and ULD is
decisive, since they can be performed concurrently. Below the differentiation between

loading and unloading rates is omitted.

Nbag * Whag Noyld
tez,cargo = maw(tex,cargo,bulk = ;tex,cargo,uld = )

3.26
Tbulk Tuld ( )

Refueling

The refueling time ., fuer is calculated with Equation 3.27, taking into account an expo-
nential decrease in fuel flow due to an increasing static pressure in the tank as well as an

increasing drag caused by the closing of valves connecting the installed tanks [119, 160].

“The individual task execution times account for: seat surface cleaning tscat,sur = 10s, carpet vacuum

tseat,vac = 85, galley cleaning per trolley tgai,tror = 165 and for each lavatory tq, = 240s.
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1 Viver -
lex, fuel = — -In <1 + fuela> (327)
« T fuel,0

Where o denotes the alpha factor as a value for resistance of the fuel tank, Vi, is the

volume of fuel being replenished [I] and rfye0 is the fuel flow rate [ml ] at ¢ = 0. The

in

alpha factor can be determined iteratively based on OEM data.

Ground power

After the engines and APU are turned off, additional power is required for lights and
air-conditioning. The ground power supply is often integrated into the boarding bridge at
a gate position. At remote positions, a ground power unit (GPU) with a diesel generator
is used to provide the required power. Since the power supply is connected during the

whole turnaround event, the tc; power equals the turnaround time t,.

Potable water and waste water

The potable water service replenishes the tanks with fresh drinking water Viqter with
a preservation admixture. This procedure is performed after each long-haul flight and

less often for regional and short-haul operations. The average pumping rate® amounts to
l

min

Twater = 6D [114, 119] and the potable water execution time ey water is given by:

Viwater
75e:zr7umter = é (328)

Twater

The waste water service includes the pump down of waste water Viqste and the supply
of disinfectant flushing water situated in tanks in the aft fuselage. This procedure is
performed after each long-haul flight and less often for regional and short-haul operations.

114, 119] and the waste water execution time

The average pumping rate is rygste = 38% [

te:mwaste is given by:

V,
tex,waste = waste (329)

Twaste

Pushback

A pushback of nose-in parked aircraft is required at most airport parking positions. There-
fore, a towing truck is connected to the nose landing gear and the aircraft is pushed back-
wards out of the parking position. The pushback process is not part of the turnaround,
since it happens after the blocks are removed (off-block). The pushback time is assumed

to be an average of t.; ,, = 120s.

SHere the median of the rates ryqter stated by Sanchez [119] 67# and Bevilacqua et al. [114] 63# is

taken.
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3.4.3. Identification of critical processes

The determination of the total turnaround time t;, follows the CPM method. Based on
the execution time of all involved activities and their dependencies, the critical activities
along the longest path are determined. The critical path is the sequence of activities
tproc,erit With the shortest time possible to complete the turnaround (see Equation 3.30).
Any disruption of an activity on the critical path directly impacts the total turnaround
time. A shortening of the critical path becomes feasible through increased parallelization

or additional resources [99].

k
trq = Z tproc,crit,i (330)
=1

Figure 3.17 illustrates the critical paths which are likely to appear based on process re-
strictions. The operations start with the positioning of the power connector and end with
its removal. The critical path often consists of the passenger and aircraft cabin activities,
and in several circumstances the fueling operation may become the critical path. This
results from requirements stated in EU-OPS 1.305 (FAR 121.570) [57, 70] where the air-
craft is refueled after the last passenger has left the aircraft. Furthermore, processes inside
the aircraft cabin, such as the exchange of trolleys and cleaning of cabin interior, are per-
formed when passengers are not present. Other activities, such as unloading, loading and
aircraft servicing, could be performed without influence from other processes (see Section
2.2.2).

Lclean
r tpax,out + Leat +tpax,in B
Leyel
teg = tpower,pos + — = + tpower,rem
tcargo
- twater -
twaste

Figure 3.17.: Possible critical paths during turnaround operation.

3.5. Aircraft operating cost

The total operating cost (TOC) of an airline can be divided into DOC and indirect oper-
ating cost (IOC). The IOC are non-aircraft related costs which be subdivided into: burden
costs and administration, estate and ground equipment, passenger and freight. The pas-

senger cost category includes all cost elements associated with the transportation and
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handling of passengers, such as catering, baggage handling, ticketing, sales, marketing
and distribution. Respectively, the freight category includes all expenditures concerning
freight transportation. In addition, the cost for maintaining and depreciating estate and
airline ground equipment are comprised in the IOC [161]. The DOC are aircraft related
expenditures, therefore changes in the aircraft conceptual design will have a direct impact

on their total value.

This section highlights the characteristics of the applied DOC estimation model. First,
characteristics of the individual cost elements attached to cash operating cost (COC),
COO and additional operation cost (AOC) are introduced, then the main focus is on the
activity-based ground handling cost component. Concluding properties of life cycle cost

estimations are explained.

3.5.1. Direct operating cost estimation

DOC are defined as expenditures allocated to specific items, and therefore, vary according
to the type of aircraft used and the rate of utilization. They cover COC, COO and
AOC. The DOC are in general expressed as cost per trip [T], block hour [BH] or seat

kilometer /nautical mile [g—ﬁ]

Cpoc = Ccoc + Ccoo + Caoc (3.31)

The cost estimation approach applied is mainly based on the model by Wesseler [162].
As depicted in Figure 3.18, the model processes the aircraft flight and ground operation

performance to assess different configurations in a holistic way.

Inputs > Direct o;_)erat_lng cost Output >
« Turnaround process times estimation + Turnaround cost
« Aircraft characteristics + Cash operating cost
* Fuel » Costof ownership
« Aircraft top level requirements « Additional operating cost

Figure 3.18.: In- and output for the direct operating cost estimation.

Cost of ownership

The COO covers depreciation, interest and hull insurance costs, which are mainly based
on the aircraft market value and the annual aircraft utilization (see Equation 3.32). The
aircraft market value is determined using parametric cost function based on Productivity
Index for Commercial Aircraft (PIC). The PIC uses aircraft parameters known during the
conceptual design including aircraft’s range, speed, cabin volume, number of passengers
and take-off field length (TOFL) [163, 164]. The depreciation cost Cyep is allocated to the
initial cost of the investment over a period of time using a straight line method to a residual

value. Interest costs C;,; relate to the initial capital investment for the procurement of an
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aircraft. The insurance cost Cj,s comprises aircraft hull insurance, war and political risk,

deductible insurance and third party liability insurance [162].

Ccoo = Cdep + Cint + Cins (332)

The aircraft utilization depends mainly on the operator’s business model and the average
flown stage length. Based on the data of Mirza [27] illustrated in Figure 3.19, a correlation
between the turnaround time t;, and flights per year ngju; is derived for three stage
lengths. The values for k1 and ko are listed in Table 3.2. This allows to account for the

influence of improved turnaround operations on COO level.

Nfight = k1 - tia + k2 (3.33)

Table 3.2.: Aircraft utilization: values for k1 and ks.

Stage Length kg ko R’
500nm 926km  -18.270 3,099 0.994
1,500nm  2,778km -4.958 1,374 0.952
2,827Tnm  5,236km -1.050 788 0.998

4000 7y~~~ ----r------ b il
|
I
|

3000 T ¥AN--1-------r------ q-------p-------
_— 1
5 :
o I
> 1

g,- e I N i !

& S I

= mRias Ry I

© 1000 4 ------ qmm - Fm——--- 5 atan

: : | l .

] 1 1 | I

] ] I I I

1 1 | | |

0 + + t T i

0 500 1000 1500 2000 2500
Stage length [nm]
Turnaround time: == 25 min = 35 min weer 45 min == 55 min

Figure 3.19.: Effects of turnaround time variations on aircraft utilization [27].

Cash operating cost

The COC sums up expenditures for fuel, crew, maintenance, airport and air service
provider (ASP) charges. The fuel costs Cp,e are the product of mission fuel and fuel

price. The principal crew cost model C,p¢y, covers expenditures for flight and cabin crew.
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It is based the Association of European Airlines (AEA) methodology where the crews
hourly rate is a function of aircraft MTOW and number of passengers [165, 166]. The
ASP charges Cygp are levied for navigation services provided by every country being

over-flown as a function of aircraft MTOW and distance flown [167].

CCOC = Cfuel + Ccrew + CDMC + Cap + Cta + C'ASP (334)

The maintenance cost Cppsc cover expenditures for direct maintenance cost (DMC) which
cover labor and material cost associated with airframe and engine. Indirect maintenance
cost (IMC) for overhead, administration, tooling, testing equipment and quality control
costs are not accounted for in the pursued approach. Operational dependencies, such as
flight cycle and flight time are considered, as well as, aircraft aging effects and de-rating of
the engines. The engine DMC are determined using parametric cost functions [168]. The
airframe DMC covering airframe structure, systems and components, are calculated with
an analogous costing method based on the Air Transport Association of America (ATA)
chapter categorization [169]. In the context of cabin modifications, sensitivities of ATA
chapter 25 - equipment/furnishing and 52 - doors are accounted for in DMC. Chapter 25
covers the flight and passenger compartment, galleys and lavatories, as well as emergency
equipment and insulation. Passenger and cargo doors, emergency exits as well as service
doors and hatches are summarized under ATA chapter 52 [170]. The typical DMC shares
of these ATA chapters is summarized in Table 3.3.

Table 3.3.: DMC share of cost related to ATA 24 and 52 [162].

_ ] ] Cost Share [%]
Aircraft Configuration
ATA 25 ATA 52

Single-aisle 12.0 3.0
Twin-aisle 114 2.1

The airport charges C,;, cover expenditures for landing, passenger, terminal navaid, light-
ing, terminal user and service charges. These charges vary between airports, region and
time, and should cover operating and maintenance costs, capital costs and the deprecia-
tion of airports [167]. The airport charges are determined using parametric cost functions
based on MTOW and number of passenger [171]. A detailed activity-based ground han-
dling charges model is highlighted in the following Section 3.5.2.

Additional operating cost

The AOC cover external noise, NOy-emission charges and COz-emissions charges according
to the European Emission Trading Scheme (ETS). The NOy calculation is based on the
pollutants of engine emissions defined by the ICAO engine data base [172]. The noise
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charge model uses aircraft specific standardized noise values for arrival and departure
[173].

Caoc = Choise + Cno, + Cco, (3.35)

Life cycle cost estimation

Operating expenses do not remain constant during the life cycle of an aircraft. During the
first years, maintenance related costs are often minimal since warranty contracts cover most
of the occurring incidents. Over a period of 12-15 years, aircraft aging and the detoriation
of the engine performance can increase maintenance costs considerably. Considering the
economic inflation over the aircraft life span allows for the determination of the associated
DOC in each year [162].

3.5.2. Ground handling cost model

The ground handling charges cover expenditures for ramp activities such as push back,
cargo handling, boarding bridge use and ground power supply. Plotner et al. [173] derived
a parametric cost function for the ground handling cost based on the aircraft MTOW
using the data of 425 different airports from the IATA Airport Charge Manual [167] (see
Equation 3.36).

Cio = 0.35- Wyrrow + 56 (3.36)

Operational dependencies of the aircraft parking position and the influence of the turn-
around time are not covered. Each airport may not cover all required processes to complete
an aircraft turnaround and hence the data set might be incomplete. Furthermore, this
generic approach does not account for changes in the aircraft dispatch operations, such as
an increased assignment of resources or the abolishment of individual processes. Therefore,
a sophisticated activity-based model based on Cronertz [112] is applied to determine the
ground handling charges. The approach models cost related to a ground service provider

based in Europe.

The ground handling cost Cy, are the sum of the individual cost for each activity. Here,
processes covered are part of usual ground operation procedures and activities. Air con-
ditioning and usage of air starters are neglected in the cost calculation as well as catering

expenses, since the latter are airline-specific and belong to the IOC.

k
Cia =Y Cacti = Cpax + Cetean + Ceargo + Cfuet + Cpower+ o
i=1 ]

Cwate'r + Cwaste + Cpb
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The individual process cost C,. for each activity are determined based on the used re-
sources in terms of labor Cjgpor, equipment Ciqyip and supplies Ciyp, and their specific
cost unit rates ¢,es, number of used resources ny.s; and operating times ¢4+ (see Equation
3.39). The operating times are derived from the turnaround module described in Section
3.4. Setup times, other than the positioning and removal times, are neglected in the cost
calculation, since they are highly dependent on the airport layout. The specific unit cost
rates are based on the findings of Cronertz [112] (see Appendix B.1). In general, the type

and size of equipment used is dependent on the aircraft type and transported goods.

Cact = Clabor + Cequip + Csupplies (338)
k
Clabor;equip = Z Cres,i * Mresi * tact,i (339)
=1

The labor working time can deviate from the activity duration ... During the potable
and waste water service, a service truck and an employee are required for the whole process
time. In contrast, the provision of passenger bridges and stairs, require a service employee

only during the positioning and removal process.

Supplies cover a fixed cost for potable water, cleaning fluids and Diesel for the GPU.
Furthermore, supplementary equipment and associated labor are accounted for as supply.
In the case of operation on a remote aircraft position, necessary buses and their drivers
fall under supplies. The same holds for additional tractors, drivers and dollies required
for the cargo exchange. Based on the number of ULD and amount of bulk cargo, loading
teams and loading equipment are composed. The cleaning expenditures are often fixed
based on the number of passengers. An equation (3.40) for scheduled operations is derived
based on the data from Crénertz [112]°.

Ceteaning = —0.0004 - 12y, + 0.5331 - nipgg + 7.4735 (3.40)

3.6. Framework application workflow

The framework presented here, it targets a holistic assessment of the aircraft operation
during the conceptual design phase to address the challenges in current operation. It
comprises: cabin design heuristics, passenger flow simulation, turnaround modeling and
operational cost assessment. Mission performance analyses are integrated with trade fac-
tors produced with state-of-the-art aircraft design tools. Each module is based on existing
approaches which are tailored to the specific requirements of this research. The developed
framework addresses the Expected Contribution (EC) 1 of this thesis.

5Polynomial regression with R? = 0.98978.



3.6. Framework application workflow 59

As a central element connecting the passenger flow simulation and the turnaround mod-
ule, a meta model following the EMOF [141] standard model-driven engineering provided
by OMG is chosen. This addresses the EC 2. It contains the data structure, representa-
tion and allows to specify re-usable model elements. Thus, a model exchange with other

frameworks following the EMOF specification is enabled.

Applying cabin design heuristics produce basic fuselage dimensions, such as the diameter
and length, based on CTLR. They form the starting point for a detailed cabin layout
generation to investigate the passenger processes. The passenger flow simulation module
translates the cabin geometries into a grid-based representation where passenger can in-
teract with the environment and one another. Applying distinct cost values to each node
creates a pseudo three-dimensional cabin representation. The agent’s behavioral reper-
toire comprises walking, waiting and passing as well as luggage stowing and dealing with
row interferences. The passenger characteristics in terms of luggage, walking speed and
collision strategy pattern allows for the representation of different traveler types. The

focus is set on a detailed modeling of the HL storage process.

Changes of the fuselage dimensions and cabin interior, in terms of weight, are captured
through fuel burn trade factors at the aircraft level. They are produced using the commer-
cial conceptual aircraft design software APD by Pacelab [156] where the design process is

based on handbook methods in an iterative process [151, 152, 157].

The turnaround simulation module processes the passenger process times and fuel burn
factors together with data which is available during aircraft conceptual design to deter-
mine the turnaround times. For each turnaround activity the positioning, removal and
execution time is estimated separately. Dependencies in terms of parallelization or con-
secutive execution are incorporated to identify the critical path covering all turnaround

sub-processes.

Concluding with an operating cost assessment, the investigation of cabin configurations
becomes feasible. The applied DOC module by Wesseler [162] covers COO, COC, AOC and
take life cycle effects during the aircraft operating life span into account. Furthermore, the
influence of improved ground operation and changing maintenance routines are captured.
The focus is set on a detailed modeling of the ground handling cost to cover changes in

the aircraft ground operation as introduced by Cronertz [112].






4. Framework benchmarking for
contemporary single- and twin-aisle
aircraft

The presented operational assessment framework consists of validated state-of-the-art
modeling approaches for the aircraft design and operating cost estimation as well as newly
developed approaches for the passenger flow simulation and turnaround process modeling.
The data generated by these modules can influence the results of the subsequent modules.
Thus, a benchmark of the entire framework is undertaken to ensure the validity of the
generated results. Contemporary SA and TA aircraft are used as reference. In the follow-
ing, the specific characteristics of the reference aircraft are highlighted and the results are

compared to available data.

4.1. Single-aisle and twin-aisle reference cases

The choice of the reference aircraft as a benchmark was mainly driven by the availability
of data and the targeted aircraft market. The framework is applied to determine the DOC
of an Airbus A320neo for the SA segment and with an Airbus A330-300 reference for the
TA category. Both configurations are low-wing aircraft with two wing-mounted engines.
The A320neo is based on the A320 and entered service in 2016. Despite the maximum
range of 3,500 nm (6,482 km), the predecessor A320 usually operates on short-to-medium
haul routes where 49 % of the conducted flights were below 500 nm (926 km) in 2016
(see Figure 4.1) [9]. The average fuel consumption accounts for 0.0278 Plf% taking a
1,000 nm (1,852 km) trip as datum. The cabin features 180 seats in a SA six-abreast
layout [59]. The A330-300 targets the medium-to-long haul market, where the majority of
flights are operated between 1,000 nm and 5,000 nm (1,852 km - 9,260 km) [9] with a fuel
consumption of 0.0417 Pf% on a 3,000 nm (5,556 km) trip. Airlines frequently select

two-class cabin layouts with 36 business and 264 economy seats [174].
The required data was extracted from OEM publications, such as the Aircraft Character-

istics for Airport Planning [59, 174] and from the CeRAS platform [175]. The aircraft top

level requirements (ATLR) for the two reference cases is summarized in Table 4.1.
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Figure 4.1.: Flown distances of the A320 family and A330 in 2016 based on OAG data [9].

Table 4.1.: Characteristics of the reference aircraft A320neo and A330-300 [59, 174, 175].

Parameter A320neo A330-300
Entry into service 2016 1994
Passengers 180 36/264
Design range 6,482 km (3,500 nm) 9,014 km (4,867 nm)
MTOW 85.3 t (188,054 1b) 217 t (478,403 1b)
Take-off field length 1,993 m (6,539 ft) 2,770 m (9,110 ft)
Wing span 35.80 m (117.45 ft) 58.00 m (190.29 ft)
Fuel burn - 1,000 nm 0.0298 kg/PAX/nm 0.0423 kg/PAX/nm
Fuselage width 3.95 m (13.0 ft) 5.64 m (18.5 ft)
Fuselage length 37.57 m (123.3 ft) 62.89 m (206.3 ft)
Cabin layout single-class two-class
Seat abreast 3-3 2-2-2/2-4-2
Seat pitch 0.76 m (30 in) 1.52 m/0.81 m (60 in/32 in)
Seat width 0.46 m (18 in) 0.53 m/0.46 m (21 in/18 in)
Aisle width 0.48 m (19 in) 0.53 m/0.48 m (21 in/19 in)

4.2. Cabin design heuristics

The overall dimensions and location of the cabin monuments are depicted in Figure 4.2.
Applying the cabin design heuristics introduced in Section 3.1 generates basic fuselage
dimensions without going into a detailed cabin design. Table 4.2 summarizes the results
of the fuselage length and width calculations. The fuselage length is over-estimated with
a deviation of 1.0 % in the case of the A320neo and 2.2 % for the A330-300 based on the
available cabin data [59, 174]. The fuselage width shows a deviation of -2.7 % and -2.2 %.
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Figure 4.2.: Aircraft cabin layout configurations (based on [59, 174]).

Table 4.2.: Basic fuselage dimension applying cabin design heuristics.

) Dimension [m] Deviation
Parameter Aircraft

OEM  Heuristic [m] [%)]
A320neo 37.57 37.98 -0.4 1.1

Fuselage length
A330-300 62.89 64.27 -1.4 2.1
A320neo 3.95 3.85 0.1 -2.7

Fusel idth
fcase A330-300 5.64 5.52 0.1 2.2

4.3. Passenger egress and ingress simulation

The benchmarking of the developed passenger flow module is conducted using existing
data from aircraft OEM, simulation results [12] and obtained empirical data for current
aircraft [16, 132, 133]. The usage of empirical data is in general strongly dependent on
the data quality in terms of type of tracked passenger characteristics, seasonal and region
specific properties, airline business model, aircraft cabin layout as well as noteworthy

boundary conditions.

A detailed model of the cabin layout is generated to analyze the passenger processes. The
passengers have randomly assigned seats and do not follow any specific boarding scheme.
They use the forward left door (L1), in case of the A320neo, and the left quarter door as
a second door (L2), in case of the A330-300 to enter the cabin, mimicking the usage of a
jet bridge. Passengers are assumed to be queuing up in front of the cabin door and then
enter the cabin as soon as there is enough space. The passenger properties are randomly
generated based on the distribution of physical characteristics to yield the boarding time
in statistical sense. Figure 4.3 illustrates the distribution of the hip width, body depth
and height, as well as walking speed. The share of female passengers accounts to 50 %.
The input values are derived for European and US American passengers. The conducted
studies assume a seat load factor (LF) of 100 % and a high HL degree. That means 20 %



64 4. Framework benchmarking for contemporary single- and twin-aisle aircraft

of passengers have small luggage items, 30 % have a medium size laptop bag and 50 %
have a trolley. The values for seat pitch, width and aisle width are based on contemporary
cabin layouts [59, 139, 174] (see Table 4.1).
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Figure 4.3.: Distribution of passenger characteristics (box-plots show median, first and
third quartiles, n=180).

The distribution of the passenger boarding times is illustrated in Figure 4.4a. The results
show a mean boarding time of 16.08 minutes (¢ = 0.96 minutes, CV! = 5.97%) for
the A320neo and 14.66 minutes (o0 = 1.44 minutes, CV = 9.82%) for the A330-300 (see
Table 4.3). The increasing number of passengers, the TA configuration and the usage
of two doors cause a higher variation of the results in the case of the A330-300. Figure
4.4b depicts the generated mean result compared to available passenger ingress data in

dependency of the number of passengers. It becomes apparent that results produced by

!The CV is defined as the ratio of the standard deviation (o) and the median (u).
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the passenger flow module lie in the same range as other available simulation frameworks,
as well as OEM data. Evaluating the gathered data revealed that the simulations tend to
underestimate boarding times compared to empirical data due to the exclusion of external
factors, like no-show passengers. Further potential triggers for deviations with cited study
results [12, 16, 132, 133] include different luggage distribution, passenger distribution and
characteristics and different resolution of the gradient-based cabin model. The deviation
amounts on average with available data to 11 % for the A320neo and 15 % for the A330-
300.
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Figure 4.4.: Benchmarking of the simulation module results for A320neo and A330-300.

Table 4.3.: Summary of simulation statistics.

Aircraft Boarding time [min] SD [min] CV [%] Deviation [%)]
A320neo 16.08 0.96 5.97 11
A330-300 14.66 1.44 9.82 15

4.4. Turnaround simulation

The turnaround module is based on existing empirical data and model approaches [43,
114, 119] to simulate the turnaround operation. In the following, a comparison of the
developed model with data from OEM [59, 174] is conducted. Information about the
general ground handling arrangement and exchanged goods are taken as a reference to
mimic the OEM handling scenarios. Despite that, here the inbound and outbound flights
are assumed to be equal in terms of the amount of passenger, cargo, catering, fuel and

liquids to be exchanged. The passenger process times are taken from Table 4.3.



66 4. Framework benchmarking for contemporary single- and twin-aisle aircraft

Conducting the turnaround at a gate position allows the jetbridge to dock on the left
front door for the A320neo, allowing passenger egress and ingress. This enables electrical
energy to supply through the jetbridge and for cleaning personnel use of the integrated
stairs. The catering is performed using two trucks on the right forward and aft service
door. Cargo containers are transported with dollies to the aircraft and are loaded with a
container loader. The bulk cargo is separately stored using a bulk cargo loader. Potable
water and waste water vehicles dock in the aft aircraft section and the fuel truck under
the wing to perform their services. This arrangement is similar for the A330 except an
additional jetbridge is docked on the left quarter door and cleaning personnel use extra
airstairs docked at the left aft door to enter the cabin. In total, three catering trucks serve

galleys due to higher demand of food and beverages on long-haul flights.
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Figure 4.5.: Turnaround Gantt chart for the A320neo and A330-300. The critical path is
hatched.

Figure 4.5 shows a comparison of the turnaround module results for the A320neo and
A330-300 with the corresponding OEM data. For the A320neo the estimated turnaround
accounts for 42.5 minutes which is about 4% lower than the value stated by the OEM
manual. The critical paths are constituted by passenger egress, catering and passenger
ingress. Deviations exist in cargo operation times and the potable and waste water service
due to different assumptions in the amount of exchanged goods. The OEM manual assumes
a complete exchange of cargo, catering and liquids, while the turnaround module estimates
the amounts for the current flight. The potable and waste water service shows large
deviations, since these procedures are often not performed after each flight and therefore
the transferred liquid volume is larger. The results are similar for the A330-300 with a
deviation of 1% of the total turnaround time of 60 minutes. However, the critical path
switches from catering to refueling due to the lower assumed amount of exchanged galley

trolleys by the turnaround module.
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4.5. Direct operating cost

Since the DOC module is based on the validated approach by Wesseler [162], the focus
is on the introduced changes from the turnaround cost module based on Cronertz [112].
The stated cost values are inflationary adjusted [176] to reflect 2016 levels in US-Dollars
(USD) and given results in Euro are transferred into USD [177].

Table 4.4.: DOC estimation study settings.

Parameter A320neo A330-300
Block hours per year 5,398 BH 5,556 BH
Fuel price USD 2.00 USD 2.00
Mission 3,000 nm (5,556 km) 3,000 nm (5,556 km)
Block hours per trip 7.26 BH 7.13 BH
Block fuel 15,622 kg (34,441 1b) 35,439 kg (78,130 1b)

Figure 4.6 depicts the absolute turnaround cost values for the A320neo and A330-300. The
calculated costs using a simplified approach by Plotner et al. [173] apply a correlation with
MTOW. They account for 1/4 of the cost estimated with the sophisticated activity-based
approach by Cronertz [112]. The developed turnaround model incorporates simplifications
in the determination of the required resources and disregards the preparation time for
workers and GSE. Thus, a deviation of 24 % for the A320neo and 28 % for the A330-300
can be identified.
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Figure 4.6.: Absolute turnaround cost comparison of the developed turnaround model,

approach according to Cronertz [112] and Plotner et al. [173] (gate position).

Incorporating the turnaround cost results with the DOC assessment shows a cost share
of less than 1% for both aircraft, as illustrated in Figure 4.7. The absolute DOC per
passenger nautical mile account for USD 0.0544 for the A320 and USD 0.0620 for the
A330-300 on a 3,000 nm off-design mission. The share of each cost component strongly
differs due to aircraft performance characteristics and their operation. If flight legs are

consistent in the short-haul segment, the share of airport related charges raises due to the
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increased number of starts and landings, as apparent when comparing the A320neo and
A330-300 DOC. The applied activity-based turnaround model increases the total DOC by
0.5% in the stated scenarios. A summary of the cost values can be found in Appendix
B.2.
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Figure 4.7.: DOC pie charts for a 3,000 nm off-design mission. Cost shares are per pas-

senger nautical-mile.

4.6. Summary

The conducted benchmark using a A320neo and A330-300 as reference demonstrated the
applicability of the developed operational framework. Table 4.5 summarizes the results
and the deviation to available data. The cabin design heuristic show minor deviations of
2 to 3%. The results generated by the passenger flow simulation lie in the same range as
available data where simulations have the tendency to underestimate the actual boarding
time by 10-15%. Processes on the critical path are represented with an appropriate
accuracy to capture changes in the turnaround procedures. However, the turnaround
module shows larger deviations for potable and waste water, cargo and catering processes
due to variations in the estimated amount of exchanged goods compared to the OEM
manuals. A model enhancement will be necessary, if these processes become the focus of

concepts under investigation. The DOC are slightly higher due to the increased detail of

Table 4.5.: Summary of framework benchmark results.

Deviation [%]
A320neo  A330-300

Framework Module

Cabin design heuristic 3.0 2.0
Passenger flow simulation 11.0 15.0
Turnaround simulation 4.0 1.0

Direct operating cost 0.5 0.5
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the turnaround cost estimations. Thus, the framework allows to capture the influence of

improved turnaround operations on DOC.






5. Demonstration of ground operation
assessment framework

In the following, the ground operational assessment framework is applied to several case
studies. First, an overview of the investigated case studies is given. The second part of
this chapter presents the results for the passenger flow simulation and subsequent insights
from an aircraft level, turnaround, and cost perspective are given. Finally, a critical results
recapitulation is conducted and recommendations for the design of future commercial

transport aircraft are given.

5.1. Overview of case studies

The selection of case studies builds upon the findings of Section 2.3.2. They cover sensi-
tivities of passenger characteristics, cabin layout modifications and two integrated studies.
The focus is on the implementation of advanced concepts into each module of the assess-

ment framework under predominant boundary conditions.

5.1.1. Passenger flow simulation

The focus is on passenger characteristics, such as the walking speed or the carried HL, and
impact of changes to the cabin layout. The sensitivity analysis follows a one-factor-at-a-
time (OFAT) approach. A reasonable number of studies and the identification of decisive
parameters and their bandwidths are essential for the determination of an appropriate
design space for novel concepts. This contributes to the EC 3 with the identification of
concepts with enhanced performance through the application of the developed framework
(see Section 1.2). Furthermore, several single concepts are combined into two case studies
alming to capture cascading effects. A summary of the investigated studies and sensitivities

is given in Table 5.1 and highlighted in the following.

5.1.1.1. Monte Carlo simulation initialization

Monte Carlo simulations are conducted to gain insight to the performance of the cabin
concepts investigated. The passenger anthropometrics and properties, such as walking
speed or body dimensions, are distributed among the agents using probability functions

before each simulation run. The number of required runs is estimated with the approach

71
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Table 5.1.: Investigated studies and sensitivities.

Sensitivities Integrated Studies
Category Parameter Unit Min Max Study A Study B
Walking Speed - 0.5 3.0 1.0 1.1
Passenger Boarding Rate PAX/min 5 40 30 30
Load Factor % 50 100 100 100
Hand Luggage - none very high high high
Aisles - 1 2 1 2
Seat Abreast - 6 8 6 7
Cabin Doors - L1, L2, CD, CD-2 PAX, L1+L4, L2+L3 L2+L3  CD-2 PAX
Hand Luggage Storage % 100 120 110 120
Seats - Default, LSP, SFS LSP SFS

by Byrne [178]. At least 30 simulation are run for each study to determine the coefficient of
variation (C'V') as a measure of variability. The C'V is defined as the ratio of the standard
deviation (o) and the median (¢). The minimum number of model runs (n) to achieve
the desired confidence interval width (w) of 0.05 is estimated with Equation 5.1, where za
is the usual value of standard normal assuming a 95 % confidence level. The probabilistic

results are the likelihood of each outcome.

n=(CLov) (5.1)

w

5.1.1.2. Passenger characteristics and operational factors

Passengers are described by their body dimensions, walking speed and carried HL. The
walking speed is a result of the passengers age, body shape, and body weight, as well
as the amount of carried HL. A range between 0.5 and 3.0 times the nominal average
walking speed was investigated to identify the impact of concepts allowing passengers to

walk freely and thus faster.

The separation of passengers before entering the cabin, after the check-in, can be expressed
with an average passenger boarding rate per door. The determination of the maximum
performance of cabin layouts requires passengers to line up in front of the doors. A

bandwidth from 5 to 40 passengers per minute (uniformly distributed) trying to enter the

cabin was examined, which covers the range from 15-25 %f stated by OEM. The aircraft
LF often deviates from the optimal degree of 100 % during daily operation. To account for
these differences, the LF was varied between 50 % and 100 % to gain operationally valid

results.

Passengers are allowed to bring HL and personal items into the cabin. The composition

of the number and size of all items to be stowed inside the cabin varies for each flight.
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Therefore, four scenarios were investigated ranging from no HL to a very high degree of
HL which exceeds the available storage volume. Each scenario defines a percentage of
passengers carrying no, small, medium and large HL items. Passengers carry a maximum
amount of one bag and no additional time was accounted for, when they stow their bag

under the seat. Table 5.2 summarizes the HL values.

Table 5.2.: Percentages of passengers carrying hand luggage items.

Hand Luggage Case No HL [%] Small Bag [%] Medium Bag [%] Large Bag [%]
No HL 100 0 0 0

Medium HL 10 50 30 10

High HL 0 20 30 50

Very High HL 0 10 25 65

5.1.1.3. Cabin layout modifications

The overall aircraft dimensions are driven by the payload integration. Here, single-class
aircraft cabins with a high passenger seating density between 180 and 300 seats were
investigated. As previously shown by the author [37], aircraft manufacturers have the
choice between various configurations in terms of seat abreast, number of aisles as well as
door positions within this passenger range. Taking the benchmarking cases A320neo and
A330-300 (see Section 4.1) as boundaries, one SA configuration with a six-abreast and

three TA layouts with a six-to-eight-abreast were examined, as illustrated in Figure 5.1.
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Figure 5.1.: Seat abreast variations.

Additionally to using only the forward left door to enter the cabin, six combinations of
left-hand-side doors were analyzed, with a maximum of two doors utilized simultaneously
during operation (see Figure 5.2). In this case, passenger use the closest door to their seat

to enter the cabin.

As addressed in Section 2.2.3, an increased amount of HL results in a drop in boarding ve-
locities. The effect of increased overhead bin storage volumes of 10 % and 20 %, specifically

with space for large luggage items was investigated.

An ideal seating concepts aims to increase the moving space of passengers in the row and
to enhance their access to the overhead bins [37, 38]. For the LSP, the aisle width re-
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Figure 5.2.: Exemplary depiction of investigated door positions for a single-aisle six-

abreast configuration (SA6).

mains unchanged during boarding. The SF'S increases the aisle width threefold. However,
passengers prefer to walk in the middle of the aisle, since overhead bins constrict the ease
of walking on either side. The foldable seats allow passengers to step into the row, if the
aisle seat is not yet occupied, and to stow their HL in the overhead bin without blocking
the aisle. Passengers can stand up while remaining within the row, in the case of row
interferences, when seated at the aisle. This reduces the duration of aisle interferences.
When passengers seated at aisle seats have reached their row, they unfold the seat. This
additional agent behavior updates the grid and blocks the associated vertices. The general
configuration of the investigated folded and unfolded LSP and SFS is illustrated in Figure
5.3.
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(a) Lifting seat pan (LSP). (b) Sideways foldable seat (SF'S).

Figure 5.3.: Foldable seats in a six-abreast single-aisle (SA6) arrangement with folded and
unfolded seats [38].

5.1.1.4. Integrated studies

A combination of the previously introduced concepts was targeted through the analysis of
two integrated studies, Study A and Study B. Study A focuses on the SA segment and is
based on the findings of Schmidt et al. [54], where Study B is a seven-abreast TA as seen

in Isikveren et al. [93].

Figure 5.4 depicts the cabin layouts of the two studies. Study A, the six-abreast SA,
features additional floor-level exits at quarter (L2) and three-quarter positions (L3) instead

of at both ends of the fuselage where smaller emergency exits are integrated. The overhead
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bins are increased by 10 % through an optimized construction and the 180 passengers carry
a high amount of HL. Furthermore, aisle seats are replaced with the LSP. Study B, the
TA study, features a seven-abreast configuration for 240 passengers. In addition to the
doors at both ends, a center door is integrated which allows two passengers to enter the
door simultaneously. The aisle seats are replaced with the SFS allowing passengers to
walk through aisles faster. The overhead bins are increased by 20 %. See Table 5.1 (p. 72)

for a summary of the study settings.

(a) Study A: six-abreast single-aisle (SA6) with 180 passengers and
LSP.
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(b) Study B: seven-abreast twin-aisle (TA7) with 240 passengers and SFS.

Figure 5.4.: Cabin layouts of the integrated case studies.

5.1.2. Integration of cabin layouts into aircraft design environment

Applying the cabin design heuristics and designing a detailed cabin layout for the afore
mentioned case studies allows the overall dimensions for the integration into the aircraft
design environment to be determined. The design studies undertaken were derived from
a state-of-the-art short-to-medium haul SA aircraft type [37]. Their aim was to produce
trade factors to quantify trade-offs between the cabin layout configurations investigated
and not to provide optimized design studies. For each evaluated design described by num-
ber of passengers and aisles, and seat-abreast, different aircraft were sized using fuselage
diameter and lengths as input parameter. The investigated stage lengths covered a 500
nm, 1,500 nm as well as the design mission with 2,827 nm. The resulting designs complied

with the following constraints [37]:

e Weight per passenger is 100 kg (220 1b)

e Tail clearance should remain constant, if feasible, but shall not fall below 10° to

avoid tail strikes. This was accomplished via adjusted landing gear length.

e The design range was constant, targeting short-to-medium haul operations and con-

sequently the MTOW adapted accordingly.
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e Additional cabin weight was accounted as an OWE change.

e A clearance was required to prevent the engine nacelle from touching the ground in
case of a nose landing gear collapse, as well as the wingtip from touching the ground

in case of a main landing gear collapse.

e Wing spans should remain within ICAO Code C [179], if practical (depending on
aspect ratio). The reference [175] aspect ratio of 9.25 was taken, if the resulting

wing span was below 36 m (118 ft).

e Constant tail volume coefficients were assumed to implement the effects of changing

fuselage length.
e Landing gear positions should result in the same ground stability of the aircraft.
e Wing loading was kept constant.

e Thrust to weight ratio was kept constant.

The latter two bullet points ensured that all configurations have similar field and cruise
performance. Feasibility of the resulting configurations was cross-checked in terms of

performance.

For each configuration the service level, in terms of galley and lavatory space per passenger,
and the comfort described by the passenger density, remained constant. The additional
weight of the LSP was assumed to be 2 kg (4.4 1b) and the SFS accounted for 3 kg (6.6
Ib) per seat [94].

5.1.3. Turnaround modeling

The modeled turnaround process mimicked the aircraft dispatch at an airport gate position
using jetways or stairs at a remote position for passenger processes. The inbound and
outbound flight were assumed to be equal in terms of the amount of passenger, cargo,
catering, fuel and liquids to be exchanged. The exchanged cargo covered only the baggage
of the passengers, no additional cargo was accounted for. Three cases covering a 500 nm,
1500 nm as well as the design mission were analyzed in terms of replenished fuel. In
this context, the focus was on exploration of processes on the critical path through the

enhancement of the passenger egress and ingress.

The general ground handling arrangements are depicted in Figure 5.5a at a gate position
and for the remote case in Figure 5.5b. Conducting the turnaround at a gate position
allows to use the jetbridge for passenger egress and ingress. This enables the supply of
electrical energy through the jetbridge. Catering is performed using two trucks on the
right forward and aft service door. Cargo containers are transported with dollies to the
aircraft and are loaded with a container loader. The bulk cargo is separately stored using

a bulk cargo loader. Potable water and waste water vehicles dock in the aft aircraft section
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Figure 5.5.: Arrangement of the GSE during the turnaround for the 180 passenger single-

aisle configuration.

and the fuel truck docks under the wing to perform their services. For remote turnaround
operations (see Figure 5.5b), buses transport the passengers to the aircraft and they board

the aircraft through airstairs. Furthermore, electrical energy is supplied by a GPU.

5.1.4. Operating economics

All stated cost values were adjusted for inflation [176] to reflect 2016 levels in USD. Euros
were transferred into USD using an average exchange rate of 1 Euro = 1.11 USD from
2016 [177] allowing a comparison of the generated results. Socio-economic factors, such as
the average labor salary, the ASP unit rate or interest and insurance rates remained fixed
during the investigated life-cycle. The economic aircraft life span was a fixed value of 25
years. The airport charges reflected a global average. A detailed list of the input values

can be found in Appendix B.1.

Sensitivity studies covered variations of the aircraft OWE and turnaround cost. Further-
more, the baseline annual aircraft utilization was determined with approach by Mirza
[27] highlighted in Section 3.5.1 and changes due to turnaround variations were captured
accordingly. The fuel price was varied between 1 and 5 USD per gallon with a 2 UgSTF
datum for 2016 to account for uncertainty during the aircraft life-cycle. The impact of
higher aircraft acquisition cost due to implemented new concepts were accounted with up
to 5 % of the baseline aircraft value. Additional maintenance effort was captured for ATA

chapter 25 - equipment and furnishing.
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5.2. Results for passenger egress and ingress simulation

This section highlights the results of the investigated sensitivity studies considering the
introduced passenger characteristics and cabin layout modifications. Figure 5.6 shows the
distributions of the reference cases, which for each study have a high degree of HL and
passengers use the forward left door (L1) to enter the cabin. The difference between SA
and TA configurations amounted to 40 % in absolute boarding time. The six-abreast SA
required 15.82 minutes (C'V = 5.01%) for 180 passengers to board where the lowest board-
ing time of 9.55 minutes (C'V = 5.68%) was achieved with a six-abreast TA configuration.
The C'V remained constant around 5-10 % throughout the studies.
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Figure 5.6.: Distribution of the passenger ingress time, high degree HL and door L1 (box-
plots show median, first and third quartiles, n=100).

5.2.1. Passenger walking speed

The impact of deviations from the nominal average passenger walking speed on the board-
ing time is illustrated in Figure 5.7. Here, the results are plotted for the SA six-abreast
configuration using the most forward door (L1). An increase of the average walking speed
resulted in lower boarding times of up to 15%. A saturation was identified between an
increase of 1.5-2.0 of the nominal speed, which is equivalent to jogging. Thus, higher
walking speeds did not have a significant impact on the boarding times. This was valid
for all investigated cabin sizes ranging from 180 to 300 seats. A bisection of the nominal
walking speed had significant impact on the ingress times with an increase of up to 20 %.

These trends were also identified for the TA configurations.
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Figure 5.7.: Influence of the passenger walking speed on the overall boarding time. Single-

aisle six-abreast configuration (SA6) using the most forward door (L1) (n=50).

5.2.2. Passenger boarding rate

Figure 5.8 depicts the influence of the passenger boarding rate per door on the overall
boarding time. The six-abreast SA showed a saturation between 15-20 I;ﬁf (Figure 5.8a)
where the saturation was shifted to a passenger boarding rate of 25-32 1:;32( for the seven-

abreast TA (see Figure 5.8b). Thus higher passenger boarding rates did not reduce the

passenger ingress time. The overall relative benefit was higher for larger cabins compared
to fewer passengers. The same trends was observed, if two doors were used simultaneously

for passenger ingress.
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(a) Single-aisle  six-abreast configuration (b) Twin-aisle seven-abreast configuration (TA7).
(SAG).

Figure 5.8.: Absolute boarding times for variations in the passenger boarding rate using
the most forward door (L1) (n=50, legend is valid for both plots).

5.2.3. Aircraft load factor

The impact of a reduced aircraft LF is illustrated in Figure 5.9. A reduction of the LF

resulted in a reduced boarding time throughout the investigated passenger range, where
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the benefits show a linear behavior. For the six-abreast SA, the boarding time was lowered
by 43-46 % for a LF of 50 % and 12-15% for a common operational LF of 85 %. The same

behavior was observed for TA configurations.

Number of passengers
210 240 270 300

||| |

Boarding Time Deviation [%]

Load Factor ®50% ®60% =70% “80% D90%

Figure 5.9.: Deviation in the boarding time when the aircraft load factor is smaller than

100 %. Single-aisle six-abreast configuration (SA6) using the most forward
door (L1).

5.2.4. Hand luggage type and amount

The impact of carrying and stowing HL was substantial for all investigated cases. Figure
5.10a depicts the deviation between no HL present and the three HL distributions with
a medium, high and very high degree. Focusing on the SA configuration, the deviation
accounted for 54 % in case of medium HL with 180 passengers and up to 67 % in the case
of a very high degree. A shrinking of the deviation was identified for a larger number of
passengers. For 300 passengers, the gap amounted to 47 % for medium HL and 61 % for
a very high degree. The seven-abreast TA followed the same trend, where the absolute
deviations were 25 % for a medium HL degree and 40 % for a very high amount with 180
passengers.

The TA configuration provides 12 % more personal stowing space per passenger and 31 %
more large luggage items storage space compared to the SA. The filling degree of the
overhead bins, as shown in Figure 5.10b, amounts to around 40 % in case of medium HL
and rose with an increasing amount of HL. When the space above a passenger’s seat is
already full, they must look for another spot inside the cabin. In the high HL case, ten
passengers had to look for a spot in the TA and 40 passengers in the SA. These number
rose to 28 and 75 for the very high HL degree. All HL fit into the overhead bins for the SA,
however with a minimal amount of excess space. If all bins were full or did not provided
enough space for large HL items, the number of unstowed items rose. For a very high level

of HL, in a SA configuration, an average of 31 bags could not be stowed in the overhead
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Figure 5.10.: Impact of the HL on the boarding times (n=>50, door L1).

bins. These unstowed items were not accounted for in Figure 5.10b, since they would be
loaded into the bulk luggage compartment. The remaining overhead bin space describes
the sum over all installed bins, which is not necessary usable for additional items as it is
distributed within the cabin.

5.2.5. Seat abreast

Three different seat abreast variations between six and eight were examined for TA cabins
(see Figure 5.1). Figure 5.11 depicts the boarding time deviation with the TA six-abreast
case as datum. A larger seat abreast resulted in higher boarding times and no distinct
dependency on the cabin size was identified. The seven-abreast configuration showed 4-7 %

longer ingress times and the eight-abreast 9-17 %.
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Figure 5.11.: Impact of the seat abreast for twin-aisle configurations (baseline: six-abreast
twin-aisle (TA6), door L1, n=50).
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5.2.6. Doors

In the following, different door positions and number of simultaneously used doors for
passenger ingress were reviewed. The SA and TA studies using door L1 with HL served as
datum for the results depicted in Figure 5.12. Using door L2, also called the quarter door,
instead of L1 showed lowered boarding times of around 10 % for 180 passengers in SA and
TA configuration. The benefits increased with higher passenger numbers and favors the
SA with a maximum gain of 17 %. The center door (CD) performed slightly better than
the quarter door (L2) for both cases.
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(a) Six-abreast single-aisle (SAG). (b) Seven-abreast twin-aisle (TAT).

Figure 5.12.: Influence of the position and number of doors used for passenger ingress
(legend is valid for both plots, n=>50).

The dual door boarding procedures with the most forward and aft cabin doors (L1 and L4)
showed significant advantages compared to the single door (L1) configuration. For both
configurations, an efficiency gain in the boarding procedure of 30-37 % was observed. A
similar performance can be achieved with a center door allowing two passengers to enter
the cabin simultaneously (CD - 2 PAX). The shortest passenger boarding was enabled
through the combination of a quarter and three-quarter door (L2 and L3). This concept
showed reduced ingress times for the SA of 42-48 % and 41-43 % for the TA.

5.2.7. Foldable seats

Figure 5.13a illustrates the sensitivities when the aisle seats are replaced with foldable
seats. The plot compares the LSP and the SFS concepts with a reference case featuring
a conventional seating layout. The SFS showed a slightly increased performance for the
SA configuration compared to the LSP with a deviation of 1-5% and an overall benefit
of 28-31 %. Similar trends were observed for the TA configuration. However, the absolute
deviation between a cabin equipped with conventional seating was in the range of 17-29 %.
A shrinking of the benefit for higher numbers of passengers could be identified for both

configurations.
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Figure 5.13.: Results for foldable seats and increased overhead bin storage space (n=>50,
door L1).

5.2.8. Luggage storage concepts

The stepwise increase of the overall cabin overhead bin storage volume is depicted in
Figure 5.13b for the very high HL case. The highest benefit with 6 % was identified for
270 passengers and a 30% overhead bin volume increase. The benefit shows almost a
linear behavior for each stepwise increase throughout the passenger range. The deviation
for a 10 % volume increase accounted for an average of 2% throughout the investigated

passenger range.

5.3. Aircraft level assessment

The investigated aircraft configurations ranged from 180 to 300, being equivalent in fuse-
lage length (Ifyse), with four different fuselage diameters (wgyse). The MTOW per pas-
senger is plotted in 5.14a. The specific MTOW decreased with an increasing number of
passengers. The SA configuration had a 10 % lower specific MTOW for 180 passengers
compared to the six-abreast TA being the TA with the lowest specific MTOW. The de-
viation amounted to 7% for 300 passengers where the SA configuration showed a slight
increase of the specific MTOW.

The variation of the fuselage weight per passenger is depicted in Figure 5.14b. The weight
increased with an increasing number of passengers where the difference between 180 and
300 passengers amounted to 1-14 %. A fuselage weight shift was noticeable for a diameter
of 4.8 m (TA6) where for larger diameters a flattening of the weight increase was identified.
The difference between a diameter of 4.0 m and 5.6 m accounts for 18-32 %. The furnishing

mass per passenger remained with 25 % constant for all configurations.
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Figure 5.14.: Fuselage weight and MTOW.

Figure 5.15a illustrates the dependency of the number of passengers on the specific fuel
burn per passenger and nautical mile exemplary for a stage length of 500 nm. The same
trend was observed throughout the investigated missions. The specific fuel burn dropped
with an increasing passenger number for all investigated configurations by 11-18 % com-
paring layouts with 180 and 300 passengers. The gap between SA and TA amounted to
10-17 % for 180 passengers and 8-12 % for 300 passengers depending on the seat-abreast,
which is equivalent to the sensitivity of the fuselage diameter. The impact of an OWE
change (AWowg) is shown in Figure 5.15b. An additional weight of 500 kg (1,102 1b) was
translated into a 0.7 - 1.2 % increased fuel burn, where smaller relative fuel burn deviations

was observed for higher passenger numbers.
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Figure 5.15.: Impact of the investigated aircraft configurations and OWE changes on the

specific fuel burn (500 nm off-design mission).
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5.4. Turnaround simulation resulis

Feeding the results of the passenger process investigations and the fuel burn assessment
into the turnaround module allowed for a critical path analysis. Figure 5.16a illustrates the
absolute turnaround times at a gate position for the passenger range and configurations
under investigation. Here, the replenished fuel accounted for a 1,500 nm (2,778 km) off-
design mission. The critical path was constituted by the GPU connection and removal,
passenger egress, catering and passenger ingress using door LL1. The GPU connection and
removal times were fixed values for all cases and the catering time remains constant for
an equal number of passengers. An advantage of around 21 % faster turnaround time was
calculated for the TA configurations resulting from the shorter passenger processes and
remained constant for the entire passenger range. The differences between the three TA

configurations were less than 0.5 %.
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Figure 5.16.: Absolute turnaround times for the passenger range and configurations under

investigation.

Figure 5.16b depicts the absolute turnaround times for operation at a remote location using
two stairs located at L1 and L4. The replenished fuel accounted for the design mission
of 2,827 nm (5,236 km). Here, the critical path changed from catering to refueling, GPU
connection and removal, passenger egress, and passenger ingress. The advantage of the TA
was reduced to 15-10 % for configurations with 180-240 seats and for higher seat numbers

the deviation accounted for around 5 %.

The impact of a boarding time reduction on the overall turnaround time is plotted in
Figure 5.17a. Here, a range from 0 to -50 % reduced boarding times was investigated for
operations at a gate position considering a 1,500 nm off-design mission using one door
(L1). A 30% boarding time reduction results in a 9 % shorter turnaround for the TA and
12 % for the SA.

Figure 5.17b maps the impact of a boarding time reduction due to the afore investigated

studies for SA configurations on the turnaround time. The usage of a quarter door (L2)
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yielded 4 % lower turnaround times. Other door combinations, such as the quarter and
three-quarter door, showed up to 16 % savings. The LSP and SFS achieved 12 % shorter
turnaround times. A reduction of the LF to 85% resulted in a 5% reduction and an
increase of the average walking speed of 50% translated to 2%. The relative reductions

were smaller for the TA due to the shorter absolute turnaround times.

5.5. Aircraft operating cost

A DOC analysis became feasible with the previous presented results. In the following,
the cost values are expressed as cost per passenger nautical mile to form a comparable

metric. A comparison of the four investigated cabin configurations without any cabin
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Figure 5.18.: Absolute DOC per passenger nautical mile (legend is valid for both plots).
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modifications on DOC level is depicted in Figure 5.18 for a 500 nm off-design mission
and the design mission. The lowest operating cost were achieved by the six-abreast SA
configuration, however the margin against the TA configurations was reduced with an
increasing number of passenger. The deviation between 180 and 300 passengers accounted
for 12-15 %.

Figure 5.19 depicts the absolute DOC for the six-abreast SA and the seven-abreast TA
with passenger numbers ranging from 180 to 300. The share of each cost elements varied
depending on the mission length. Airport charges, fuel cost and cost of ownership were
predominant on the 500 nm off-design mission, where a shift towards navigation, crew and

an even higher share for fuel cost could be identified on the design range.
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Figure 5.19.: Absolute DOC per passenger nautical mile (legend is valid for both plots).

The DOC amounted to 0.0851 ngéz — on a 500 nm mission and to 0.0513 ng(g > on
the design range considering 180 passengers in a six-abreast SA configuration (see Figure
5.19a). The absolute cost decreased with an increasing number of passengers and the
change amounted to 15 % when comparing the 180 and 300 passenger configurations on
the design range. The trend was similar for the TA with higher absolute values (see Figure
5.19b). The deviation between SA6 and TAT configuration accounted to 2.4 % considering

300 passengers on the design range and to 5.7 % on a 500 nm mission.

5.5.1. Cost of ownership sensitivities

The sensitivities of higher aircraft investment cost due to integrated novel concepts on
COOQO basis are illustrated in Figure 5.20. Higher acquisition costs increase the COO,
which cover depreciation, insurance, interest and correlate with the PIC (see Section 3.5.1).
Additional cost of USD 1 million increased the DOC by 0.38% for the SA on a 500
nm mission and by 0.33% on the design mission. The impact for the seven-abreast TA

accounted for 0.34 % and 0.31 % respectively.
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Figure 5.20.: Impact of higher acquisition cost on the DOC (240 passenger configuration).

5.5.2. Airframe maintenance cost sensitivities

The impact of increased maintenance effort due to novel cabin concepts and systems was
investigated for parts categorized under ATA 25 - furnishing and equipment. An increase
of maintenance costs associated with ATA 25 showed a linear behavior, as depicted in
Figure 5.21a, where 10 % higher cost resulted in 1.5-1.6 % higher DMC. On DOC level the

influence ranges from 0.10-0.12 %.
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Figure 5.21.: Influence of increased maintenance expenditures concerning aircraft parts
categorized under ATA 25 - furnishing and equipment (240 passenger con-

figuration, legend is valid for both plots).

5.5.3. Ground handling cost sensitivities

The absolute ground handling cost for operations at gate positions are illustrated in Figure
5.22a for the investigated aircraft and passenger range. The handling cost increased with
an increasing number of passengers due to longer refueling, cleaning and passenger process
times. They averaged around USD 300 for 180 passengers and increased by 30 % for 300
passengers. The difference between SA and TA configurations accounted for 4 %. During
remote operations, two stairs were commonly used requiring additional buses to transport

the passengers resulting in higher cost for passenger GSE. Here, the difference between
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SA and TA configurations accounted for 14 % with an absolute cost of USD 300 for TA

with 180 passengers.
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Figure 5.22.: Absolute ground handling cost values and cost sensitivity on DOC level.

The impact of potential cost reduction of ground handling operations on a DOC level are

depicted in Figure 5.22b. The largest influence was identified for short-haul missions of

500 nm, where a cost reduction of 50 % yielded around 2 % lower DOC for the six-abreast

SA and seven-abreast TA. For the design mission, the advantage accounted for around

0.6 %.

5.5.4. Aircraft utilization

The impact of a varying aircraft utilization is captured by the COO, since they cover

depreciation, interest and insurance costs. Figure 5.23a shows the sensitivity of potential

turnaround time reductions, which leads to higher aircraft utilization according to Mirza
[27] (see Section 3.5.1), on a COO level. A turnaround time reduction of 40 % yielded the
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largest impact on the 500 nm mission with 16 % lower COO for the SA and 12 % for the
TA. For the design mission this translates to a reduction of around 2 %. On DOC level,
this was translated to 4.9 % reduced cost for the SA and 2.2 % for the TA.

5.5.5. Fuel price sensitivities

The fuel price for Jet-Al is of volatile nature, hence a sensitivity analysis of the fuel price
was undertaken to show a potential impact of cabin concepts increasing the OWE and to
allow for conclusions in future scenarios. Figure 5.24a depicts the cost shares of each DOC
5 USD USD

gal gal

element for fuel prices between 1 and , Where 2 is the nominal value. A fuel
price bisection increased the cost shares of all remaining operating expenses and this was
especially the case on the 500 nm mission. Hence, cost savings in these categories due to
novel concepts would have a larger impact on the absolute DOC. An increase of the fuel
price had the opposite effect, where in the case of a Jet-A1 price of 5 UfT?v the fuel cost

share was dominant with 45-60 %.
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Figure 5.24.: Fuel price sensitivity for the six-abreast single-aisle (SA6) with 240 passen-
gers (legend valid for both plots).

The absolute cost values were strongly driven by a fuel price variation as illustrated in
Figure 5.24b. The absolute fuel cost correlated directly with the fuel price. The DOC
Uusb

were reduced by 27 % for a nominal kerosene price of 1 ST and they showed an increase

of 37% for 5 U;]STlD considering a 500 nm mission.

5.6. Results for integrated studies

The integration of several concepts was targeted through the analysis of two integrated
studies. In the following, the results for the agent-based passenger flow simulation, aircraft
level assessment, turnaround modeling and operational cost assessment are presented for
a six-abreast SA with 180 passengers (Study A) and the seven-abreast TA with 240 pas-
sengers (Study B), as highlighted in Section 5.1.1.4. The reference cases feature no layout

or process modifications as summarized in Table 5.3.
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Table 5.3.: Reference cases and investigated integrated studies

Reference Case Integrated Studies
Category Parameter A B Study A Study B
Number of Passengers 180 240 180 240
Walking Speed 1 1 1 1.1
Passenger Boarding Rate 30 30 30 30
Load Factor 100 100 100 100
Hand Luggage high high high high
Aisles 1 2 1 2
Seat Abreast 6 7 6 7
Cabin Doors  L1/L2+L3 L1/CD-2 PAX L2+L3 CD-2 PAX
Hand Luggage Storage 100 100 110 120
Seats Default Default LSP SFES
Aireraft Delta OWE 0 0 +360kg +720kg
Delta Fuselage Length 0 0 +1m +1m
Delta Maintenance 0 0 +10% ATA 25 +10% ATA 25
Cost Delta Acquisition 0 0 +1m USD +2m USD

Figure 5.25a shows the distribution of the absolute boarding time for both studies. Study
A showed an average boarding time of 6.65 minutes (CV = 11.15 %) and Study B yielded
6.31 minutes (CV = 8.50%). A comparison with the baseline without any modifications
resulted in an improvement of 66 % for Study A and 58 % for Study B. Taking the same
door configuration as the reference provided a 26 % reduction for Study A using doors at
quarter (L2) and three-quarter positions (L3) and a 31 % reduction for Study B using a

center door allowing two passengers to enter simultaneously (see Figure 5.25b).
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Figure 5.25.: Results of the integrated studies for the passenger flow simulation.
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The integrated assessment on aircraft level accounted for the additional seat weight of the
LSP and SFS as well as the longer fuselage due to an increased number of installed exits
(see Table 5.3). Figure 5.26a shows, for Study A, a 1.4 % increased fuel burn on a 500
nm off-design mission and 1.3 % on the design mission and for Study B, 2.1 % and 2.0%

respectively.
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Figure 5.26.: Aircraft level assessment and turnaround simulation results.

Figure 5.26b depicts the absolute turnaround times of both studies compared to the ref-
erence case. Here, the critical path was constituted by GPU connection and removal,
passenger egress, cleaning and passenger ingress. In the case of the design mission, the
critical path changed to refueling instead of cleaning. Study A resulted in an improve-
ment of 14.6 % for the off-design missions compared to the reference and for Study B, the

deviation accounts to 22.2 %.
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Figure 5.27.: Absolute DOC per passenger nautical mile.
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The results on a DOC basis are depicted in Figure 5.27. The absolute DOC per passenger

nautical mile accounted for 0.0842 Pgigm for Study A on a 500 nm mission and 0.0517

ng(’zm for the design mission. Study B yielded similar values of 0.0820 Pgiﬁ) — and 0.0505
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Figure 5.28.: Relative change of DOC cost components in comparison with reference case.

A comparison with the reference case showed a DOC reduction of 1.1% for Study A
on a 500 nm mission and a cost neutral outcome on a 1,500 nm mission, as illustrated
in Figure 5.27. For the design range, an increase of 0.8 % was determined. Significant
contributions to a cost reduction are made by lower ground handling costs (5.7-6.3 %)
and COO (0-7.5%), however their cost share accounted for only 3.7% and 19.1% on a
500 nm mission and was further reduced towards the design range. These savings could
not offset the increased fuel (1.4 %) and maintenance costs (1.8 %) which represented a
share of 29-37 %. The results for Study B showed a cost neutral outcome for the 500 nm
and 0.9 % higher DOC for the design range. Here, the fuel costs were increased by 0.9 %
and the maintenance costs by 0.8 %. The savings on ground handling costs accounted for
2.7-3.3% but the COO were only reduced by 3.5 % on the 500 nm mission.

The absolute deviations of each cost share on DOC level is depicted in Figure 5.29. The
share of higher fuel cost and maintenance expenses accounted for 0.5-0.6 % for Study A
and 0.4 % for Study B. However, the cost reduction based on lower COO was reduced
with an increasing stage length from -1.4% to 0% for Study A. In case of Study B, the
COO were 0.5 % higher compared to the reference for the design mission. This resulted

in higher DOC compared to the reference with an increasing stage length.

5.7. Result recapitulation

The studies undertaken aimed to identify promising candidate solutions in terms of their
performance and allowed for the assessment of cascade effects with two integrated case
studies. This contributes to the Expected Contribution 3, which targets a coherent down-

selection through the application of the developed framework. Furthermore, the obtained
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Figure 5.29.: Change on DOC level in comparison with reference case.

insights of the concept evaluation enable the identification of design criteria for the next
generation of commercial passenger aircraft (Expected Contribution 4, see Section 1.2).

In the following, the results are analyzed and the integration within current operations is

highlighted.

5.7.1. Sensitivities

Passenger characteristics and operational factors

The passenger characteristics cannot be directly influenced by the cabin layout but can
facilitate seamless passenger movements. The impact of the passenger walking speed of
up to +5% on the boarding time was notable considering a reasonable increase of +25 %
of the nominal walking speed (see Figure 5.7, p. 79). The cabin should be designed
to accommodate for an increase of the average walking speed through wider aisles and

non-destructed ceilings. Carried HL additionally reduces the average walking speed.

The passenger boarding rate is mainly influenced by the passenger throughput of the
check-in counters, which is of a stochastic nature [69]. Here, a uniform arrival distribution

P PAX PAX
was assumed. As shown in Figure 5.8, a rate of 15-20 <= for SA and 25-32 ~==* for TA

per door has to be guaranteed to max out the performance of the cabin. If more than one
door is used for passenger processes, the rates must be multiples of these values. From a
passenger perspective, this results in queuing up in the jetway or on the stairs reducing
the experienced level of comfort. A passenger boarding rate in the saturation bandwith is

appropriate to max out the cabin performance.

Airlines aim to sell every seat on a flight to reach a high seat LF. Recent trends showed a
continuously increasing passenger LF of up to 84 % in 2015 [17], as stated in Section 1.1.

On average, this resulted in reduced passenger ingress times of 12-15% (see Figure 5.9,
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p. 80) due to the lower passenger density, shortening queue lengths and increasing move-
ment space for passengers. However, airlines and airports must account for a maximum
LF during their infrastructure design and schedule generation to avoid delays where an

increase of the LF reduces the operational buffer times.

The amount of HL: taken on an aircraft is considerably high since passengers try to avoid
extra fees for check-in luggage and shorten their door-to-door travel time by eliminating
the extra waiting time at the baggage carrousel. However, the stowing and retrieving
of those items increased the average boarding time substantially, especially if the cabin
configuration features only one aisle (see Figure 5.10a, p. 81). The increase of the number
and size of carried items had a negative impact on the boarding time in the three investi-
gated HL scenarios. Going from a high to a very high degree of HL. did not result in huge
deviations in the simulations. A time penalty was accounted for the time passengers need
to look for a suitable luggage storage space, however if the overhead bins reached their
capacity, the process time of bringing the excessive amount of HL out of the cabin was not
modeled. In reality, those items have to be stowed in the bulk cargo compartment after

the overhead bins reach their capacity which could lead to a delayed boarding process.

In general, the TA provides more luggage storage space due to two additional overhead
bins on the cabin centerline. In the HL scenarios considered here, an advantage was
identified if the space for large items, such as trolleys, could be increased. Furthermore,
an even distribution of the large bags along the cabin is favored, since it provides enough
space for each passenger to stow their items close to their seat, thereby reducing the search
for a suitable spot in the overhead bins. This could be achieved, if passengers are sorted
according to the boarding scheme of Milne and Kelly [83] (see Section 2.3.2). From an
airline perspective, a trade-off must be made between the ancillary revenues of check-in

baggage and operational costs due to longer ground times or delays.

Cabin layout modifications

The results of the baseline studies, illustrated in Figure 5.6 (p. 78), determined an advan-
tage of 40 % of the TA over the SA for the investigated passenger range. TA configurations
allowed for the passenger flow to split into two separate streams after the door, which dis-
tributes the passenger more evenly throughout the cabin and shortens the queue lengths.
The seat abreast was the decisive parameter within the TA configurations. A six-abreast
layout enables a direct aisle access for four out of six seats in one row (see Figure 5.1, p.
73) reducing the row interferences substantially. In the case of an eight-abreast, only half
of the passengers have a direct access to the aisle. Thus the passenger density in the aisle
and ingress times increased for a larger seat-abreast, as depicted in Figure 5.11 (p. 81).
The decision of the best seat abreast for a distinct number of passengers is driven by the

fuselage slenderness ratio, which is the fuselage length divided by the diameter [12].

The investigation of different door positions and number of doors was already part of the

studies by Fuchte [12]. His results covered an implementation of a quarter door (L2), as
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well as a scenario with two doors at both cabins ends (L1 and L4). The results presented
in Figure 5.12 (p. 82) confirm the previously identified trends showing advantages for a
quarter door in a SA configuration compared to a TA. The repositioning of the quarter
door near the center of the fuselage (CD) was analyzed and showed efficiency gains of up to
22 %. However, the access of the center door (CD) is challenging due to their position over
the wing and only few airports feature a jetbride which is capable to perform passenger
processes at this position. Using two doors simultaneously resulted in an efficiency gain
of around 30 %.

The queuing up of passengers up to the door due to aisle interferences in the first rows
has a negative effect especially for the TA, since both aisles are blocked in this situation.
Using a quarter door for boarding is commonly applied in daily operation especially for
larger SA and TA aircraft. A dual boarding scenario using L1 and L4 is seen by LCC at
remote parking positions. The scenario with the largest performance gain of 42-48 % used
the doors L2 and L3. However, the access of the three-quarter door (L3) is challenging
due to the close position behind the wing root [37].

The implementation of foldable seats provides a backwards compatible solution to increase
the boarding efficiency between 28 % and 35 % for SA and between 17 % and 30 % for the
TA (see Figure 5.13a, p. 83). However, the operational applicability of the concepts relies
on the certification and passenger acceptance in terms of manageability, integration of
inflight amenities and seating comfort. The folding mechanism introduces more complex-
ity, which leads to higher maintenance efforts (ATA 25). Here, it was assumed that a
passenger, who unfolded a seat, was not blocking the aisle. The benefits will be radically
reduced if this could not be guaranteed during operation. A removal of the metal strap
prohibiting HL to move around the cabin affects the stowage of luggage under the seat,
which is a major drawback with current high amounts of hand luggage [37, 38]. Further-
more, the seat belt requires a redesign to prevent getting blocked. The concepts are still
under development and are partly certified, however they are currently not integrated in

commercially used aircraft [90, 92].

As highlighted earlier, the amount of HL. had a large impact on the boarding process
efficiency. It is common for storage space to be limited, which requires passengers to search
for adequate space. An increase of the available storage could reduce those scenarios and
the number of items to be stored in the bulk cargo compartment. However, the maximum
boarding time reduction was identified to be 4% considering 30 % more overhead bin
space (see Figure 5.13b, p. 83). A more efficient design of the overhead bins increases the
number of trolleys to be stored, as shown by Airbus [95] and Boeing [180]. An increase
of the total storage volume would require a further reduction of passenger’s space or a
widening of the fuselage, especially for SA configurations. An easier access of the storage
compartments and the prevention of aisle blocking would contribute to a further reduction

of the passenger process times instead of increasing the storage space.
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Aircraft level assessment

The aircraft configurations were designed with the same baseline layout in terms of doors
as well as galley and lavatory space. The SA showed the best performance in terms of fuel
burn per passenger nautical mile for the passenger range investigated (see Figure 5.15a,
p. 84), where an increasing fuselage diameter is favorable for an increased number of
passengers. A fuselage weight shift was noticeable for a diameter of 4.8 m (TA6) where
for larger diameters a flattening of the weight increase was identified. Fuchte [12] showed
that between 300 and 340 seats a shift exists, where the fuselage mass per passenger is up
to 8% lower for TA compared to SA configurations. The impact of additional OWE due
to the folding seats resulted in 1-2 % higher fuel burn, if the weight per seat is 3 kg (6.6
1b).

Turnaround simulations

The turnaround results reflect current airport operations, where the critical path is con-
stituted by cabin processes including passenger egress and ingress, catering or cleaning
(see Figure 5.16, p. 85). Here, the catering process is longer than cabin cleaning. These
process times are highly dependent on the aircraft operator business model. LCC try to
reduce catering and cleaning to a minimum, which further reduces the time dedicated to
this processes and hence the total turnaround time. An increased number of cleaners could
be employed for the TA configurations to shorten the cleaning time, due to the increased
cabin space. Avoiding the usage of doors next to galleys for passenger processes could
allow for parallelization of catering and passenger processes. This scenario is possible with

the use of a quarter door (L2) or quarter and three-quarter door (L2 and L3).

Recalling the average flight distance of current short-to-medium haul aircraft illustrated
in Figure 1.1 (p. 1), only 3% of the flights in 2014 were 2,000 nm and longer. Hence,
the case where the refueling process becomes critical rarely occurred for the investigated

range of missions.

The applied passenger simulation module focuses on the detailed analysis of the boarding
process and uses statistical equations to determine disembarking times. Hence, deviations
to current passenger egress behavior were not accounted for. Since the cabin is deboarded
starting with the passengers close to the door until the furthest passengers have left, a

marginal impact of the investigated concepts is assumed.

Aircraft operating cost

The analysis of the results on DOC level showed a strong dependency on the average flight
mission. The sum of airport charges and COO accounted for 43 % on a 500 nm off-design
mission, where their share was reduced to 25% on the design mission comparing the cost
shares for the 240-passenger six-abreast SA on different flight missions (see Figure 5.19a,

p. 87). Hence, the impact of ground handling cost reductions or increased utilization was
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larger on short-haul missions. The disadvantage of a higher OWE had a reduced impact

on these missions due to the smaller share of fuel cost.

Higher investment cost of the aircraft due to the integration of novel concepts increases
the depreciation, interest and insurance cost of the aircraft. However, the impact on DOC
level of an additional USD 1 million was marginal with around 0.3 % (see Figure 5.20, p.
88). The level of increased maintenance effort, in terms of cabin and furnishing expenses
(ATA 25), due to missing operational robustness, resulted in 0.1 % higher DOC assuming
10 % higher expenses (see Figure 5.21, p. 88). The discomfort passengers face when a
seat is not working as expected or the lost revenue of the airline if individual seats have to
blocked during a flight was not accounted for. A malfunction of a foldable seat could also

impede a smooth boarding procedure and lead to ground delays in a tight flight schedule.

The ground handling costs scale with the aircraft size and required equipment. Their share
accounted for below 5% of the DOC in all studies. Usually, airlines have SLA with the
ground handling providers, which include a specific list of tasks for a fixed price. Here, the
direct operating expenses for the executed handling tasks was accounted for. The larger
impact of cost reductions can be accomplished on short-haul routes since the number of
turnaround events is higher. LCC have proven that the usage of smaller regional airports
with lower cost levels, together with a reduced level of service could yield remarkable cost
savings [46, 48, 49].

Shorter passenger processes reduce the overall turnaround time, which increases the daily
aircraft utilization. As illustrated in Figure 5.23 (p. 89), the largest impact was identi-
fied for short-haul operations, where a 40 % turnaround time reduction, as targeted by
international regulators [7, 8], yielded up to 5% reduced DOC. Consequently, airlines
have to adapt their flight and maintenance planning to benefit from those time savings.
However, often FSC offer various connecting flights to their customers requiring longer
ground times. Furthermore, these enormous time savings would have a major impact on
all involved stakeholders, such as airports and handling agents. A constraint might be the
minimum connecting time (MCT) at airports, which is the required time for passengers
and baggage to transfer between two flights. MCT varies between airports and depends on
the distances between terminals and gates. An even further reduction of the turnaround
might also affect brake-cooling times and cockpit procedures. From a passenger perspec-
tive, the booking behavior could be impacted in favor of shorter door-to-door travel times
[54].

The German research project ALOHA (Aircraft Design for Low Cost Ground Handling)
[71], which investigated new aircraft configurations and GSE to show reduction potential
for DOC and ground handling process times, identified up to 4 % higher DOC. This was
caused by the additional weight of the proposed high-wing configuration. Here, similar

trends with an increasing weight could be identified, however the advantages through
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optimized passenger procedures could outweigh the weight disadvantage on short-haul

routes.

Concepts, such as the foldable seats, which reduce process times, also introduce additional
weight. The conducted fuel price sensitivity study shows that the absolute cost of COO,
DMC and airport charges remained constant but the share of fuel expenses varies (see
Figure 5.24, p. 90). Hence, the level for cost reductions favors lower fuel prices, meaning

a weight neutral concept is required to gain cost savings.

5.7.2. Integrated studies

The results of the integrated studies showed that the huge passenger process time savings
of 66 % for Study A and 58 % for Study B came with a penalty in terms of higher fuel burn
and maintenance cost, which partially outweighed the savings on the DOC level (see Figure
5.29, p. 94). Additional exits along the fuselage were required to comply with current
regulations (see Section 2.2.4) and thus increase the fuselage length, if the configuration
under investigation did not innately implemented them. Furthermore, the foldable seats
added additional weight to the cabin. The parallelization of passenger processes and
catering through the repositioning of the doors did not have an impact on the overall

turnaround time, since the critical path was constituted by the cleaning process.

Overall, Study A yielded a 1.1 % improvement on the 500 nm distance as the affected
cost share is bigger than at design range. For Study B, only a cost neutral outcome
was identified (see Figure 5.30). While the savings on the short-haul mission would not
justify the investment of an OEM in a new aircraft design program, the gained efficiency

improvements could contribute to the next generation of aircraft.

Further concept improvements are required in terms of weight and maintenance to reach
a neutral outcome compared to the baseline aircraft. Figure 5.30 shows the results for a
scenario with an equal fuselage length as the reference (A.1 and B.1). A weight neutral
seat design and an equal fuselage length was analyzed in A.2 and B.2 (see Table 5.4). A
scenario with similar fuselage dimensions yielded additional 0.3 % cost savings for Study
A.1 and 0.4 % for Study B.1, where similar fuselage dimensions and a weight neutral seat
design showed reduced DOC of 1.7% for Study A.2 and 0.7 % for Study B.2. Hence, a
weight neutral design could increase the savings on DOC level by around 1%. However, an

increased fuel price could easily outweigh these advantages even on short-haul missions.

Table 5.4.: Overview of further studies (x - modification present and o - not present).

Study  Additional OWE Additional Fuselage Length
A/B x X

A1/B1 x o

A2/B.2 o 0
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Figure 5.30.: Impact of weight reduction scenarios for investigated case studies.

A further seat weight reduction with the complex folding mechanism is disputable, since
current economy aircraft seats are already pushing the weight limits between 5 and 10 kg
(11 - 22 1b) per seat using advanced materials and construction techniques [181]. Aircraft
seats face challenging certification constraints which limit the design of lighter seats [56,
57]. A shift towards a larger number of passengers is favored for the door layouts, since

Study A with 180 passengers required two additional exits compared to the reference.

5.7.3. Recommendations for future aircraft design programs

During the early stages of new aircraft design program, the overall goal of novel cabin
concepts is to allow for a seamless passenger egress and ingress through the avoidance
of queues caused by aisle and row interferences. This can be achieved through concepts
which allow for an adaption of the cabin according to specific requirements of each op-
erational phase, such as seamless luggage stowing and retrieving realized foldable seats.
Furthermore, moving the aircraft doors towards the center of the fuselage allows for the

passenger flow to split and thus reduces the passenger process times.

The transfer of the passenger process time savings to reduced operating expenses comes
often with penalties in terms of additional weight or changed ground handling procedures
and equipment. A weight neutral design should always be targeted, since these drawbacks
often outweigh the operational benefits. Specific aircraft programs for shorter design

missions could maximize the advantages, if a sufficient demand exists on the market.
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It is imperative that advancements in all aspects of current aircraft operations are devel-
oped based on the forecasted traffic growth rates. The focus here is on the turnaround as
the connecting element between airport and aircraft. This special role of the turnaround
results in various influences, such as airport capacity constraints, aircraft type diversity,
prolonged passenger egress and ingress times, schedule disruptions, as well as airline cost

reduction pressure.

A review of current operations and research showed that only a few concepts for novel
ground operational and passenger processes have been thoroughly analyzed, even if they
could offer large efficiency gains compared to current procedures. Since current models and
frameworks are by the majority, not accessible and neither extendable, the development of

a holistic assessment framework for advanced ground operational concepts is elaborated.

The framework presented comprises: cabin design heuristics, agent-based passenger flow
simulation, turnaround modeling and operational cost assessment, as targeted in the Ex-
pected Contribution 1. Mission performance analyses are integrated with trade factors
produced with state-of-the-art aircraft design tools. Each module is based on existing
approaches which are tailored to the specific requirements of this research. The core of
this research is dedicated to the development of the agent-based passenger flow simulation
which has been made available for the community!. It incorporates a central meta model
contributing to Expected Contribution 2. A benchmark with available data of current SA
and TA aircraft validated the results. The underestimation of several turnaround pro-
cesses did not have an impact on the overall turnaround time, as they were not part of

the critical path.

The conducted studies covered SA and TA configurations with passenger numbers ranging
from 180 to 300. The analyzed sensitivities comprised passenger characteristics, such as the
walking speed or the carried HL, and impact of changes to the cabin layout. Furthermore,
several single concepts were combined into two case studies aiming to capture cascading
effects. This contributed to the Expected Contribution 3 through the identification of

promising solutions.

An integrated study based on a six-abreast SA with 180 passengers and LSP showed

significant passenger process time savings of 66 %. However, those savings come with

'The source code of the agent-based passenger flow simulation "PAXelerate" and any accompanying

materials can be obtained from http://www.paxelerate.com [1].
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penalties in terms of higher fuel burn and maintenance cost, which almost outweigh the
savings on DOC level. A 1.1 % DOC improvement could be accomplished on an off-design
mission of 500 nm (926 km). A 58 % shorter boarding time was determined for a second
integrated study with 240 passengers in a seven-abreast TA configuration and SFS. A cost

neutral outcome was identified on a short haul mission.

The findings of the integrated studies demand for further concept improvements in terms
of weight, maintenance effort and their integration into current aircraft configurations.
Considering a seamless passenger egress and ingress during the early stages of new air-
craft design program should be one design criteria for the next generation of commercial

passenger aircraft (Expected Contribution 4).

6.1. Critical assessment of methodology

The developed assessment framework consisted of state-of-the-art modeling approaches for
the aircraft design and operating cost estimation as well as newly developed approaches
for the passenger flow simulation and turnaround process modeling. The combination
of divers software platforms required the specification of in- and output files which can
be processes by all framework modules. During the implementation of the passenger
flow and turnaround simulation module, the emphasis was on the usage of a coherent
meta-model language according to the OMG [141]. However, any change of the program
application programming interface (API) requires a continuous coordination of the affected

interfaces.

The developed passenger flow simulation module is based on a microscopic approach ap-
plying agent-based modeling techniques as it is widely-used to model human behavior (see
Section 2.4.2). Despite the detailed representation of the boarding procedure, statisti-
cal correlations are applied to estimate process times of the disembarkment. In general,
the focus are the key behavior pattern to assess the selected concepts. Therefore, spe-
cial processes covering passengers with restricted mobility, bulky luggage items, such as
instruments, or the late arrival of passengers are disregarded. Furthermore, the walking
speed does adapt to the current situation, in terms of agent density or acceleration and
deceleration. Agents walk towards their seat and a directional change due to the search for
luggage space or using the wrong entrance door is not covered. The input for the passenger
characteristics and their distribution as well as the composition of the boarding passengers
is based on available literature, which is often not comprehensive enough requiring data

interpolation or assumptions.

The turnaround module is based on empirical equations and input distributions to esti-
mate the connection, removal and process times. The quality of the estimations results
from the used data. A differentiation of diverse airline service levels in terms of cater-

ing or cleaning was not implemented. Furthermore, simplifications in the determination
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of required resources are incorporated and the preparation time of workers and GSE is

disregarded.

The commercial aircraft design software Pacelab APD [156] is commonly used with the
aviation industry during the conceptual aircraft design phase. Building on handbook
methods and empirical data, this tool investigated the crucial sensitivities of fuselage
dimensions and OWE variations on the fuel burn. The foundation of the implemented
methods is partially outdated and covers conventional aircraft configurations. Adaptions

would be required to analyze advanced configurations.

The DOC approach from Wesseler [162] captures the cost shares for COC, COO and
AOC. The ground handling cost estimation could not reflect sensitivities on a process and
resource basis and so the methods by Cronertz [112] were adapted and integrated. The
unit cost rates for labor and equipment are based on European cost levels and reflect
the cost structure of an exemplary ground handling service provider. The model require
region specific data for a world-wide application. The same accounts for the air traffic

management (ATM) expenses which are based on the Eurocontrol charges.

6.2. Perspectives for future work

Based on the highlighted aspects of the critical assessment of methodology, framework
enhancements are discussed in the following. Furthermore, a reasonable increase of the

case study design space is explored.

Methods

A coherent meta-model representation was targeted during the implementation of the
passenger flow and turnaround simulation. The interfacing with the Common Parametric
Aircraft Configuration Scheme (CPACS)? data format [182] would enable a direct inte-
gration into preliminary aircraft design tools fostering a MDO process based on airport
operational constraints. An interfacing with OpenCDT? as framework for conceptual air-

craft design would allow for a seamless integration.

The passenger flow simulation module should be extended to simulate disembarking pro-
cedures as well. The social behavior of passenger traveling in groups of two or more should
be accounted for. This becomes important for the assessment of boarding strategies. Using
optimization algorithms would allow for the search of the most suited passenger entrance
sequence for each concept under investigation. The performance of the A* pathfinding al-
gorithm could be improved using a polygonal cabin representation allowing the passengers
to move in straight lines instead of following a grid [183]. A further step would include

the application of heuristic search algorithms which use heuristic knowledge in the form

2CPACS is available under Apache License 2.0 at http://www.cpacs.de
3The source code of OpenCDT and any accompanying materials are available under the terms of the

Eclipse Public License (EPL) v1.0 at https://github.com/BauhausLuftfahrt/OpenCDT
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of approximations of the goal distances to focus the search and solve search problems
faster than uninformed search algorithms [150]. Furthermore, region and aviation specific
passenger as well as process data gained through polls and experiments could improve the

soundness of the produced results of the passenger flow and turnaround simulations.

Application

The conducted case studies covered a broad scope of sensitivities of SA and TA configura-
tions. In the future, an even wider range of single- and multi-class cabin layouts in regional
[184] and long-haul markets should be investigated. This includes the analysis of multi-
deck designs with stairs or elevators and layout configurations. Since currently the stowing
and retrieving of personal items has a significant impact on the boarding process, novel
HL storage solutions should be analyzed. Beyond tube-and-wing aircraft configurations,

also non circular cross-sections and BWB configurations could be targeted.

Currently, the view is fixed on a single turnaround event at the airport and interdependen-
cies between stakeholders are neglected. Therefore, a scaling towards a total airport view
including multiple stands, airlines and fleets is desirable. This enables the determination
of the airport capacity in terms of gate utilization based on flight schedules. Building upon
the identified aircraft ground performance and operating economics, an evaluation of the
operational integration into current operations and airline fleets should be aspired. Fur-
thermore, a profit-based evaluation from an airline-perspective could allow for a demand

driven analysis on fleet-level.
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A. Model input data

A.1. Passenger egress and ingress simulation

The process modeling of the passenger egress and ingress simulation uses empirical data
for the passengers anthropometrics (see Table A.1) and the hand luggage stowing process
(see Table A.2).

Table A.1.: Mean values for passengers anthropometrics.

Mean Value [m] Male  Female
Width 0.47 0.41
Depth 0.30 0.27

Table A.2.: Input values for hand luggage stowing.

Mean Stow Time Volume Bulkiness Walking Speed Factor
Luggage Type

[5] ] [%] ]
Small HL 10 0.01 15 0.95
Medium HL 15 0.02 30 0.90
Big HL 20 0.04 60 0.75
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122 A. Model input data

A.2. Turnaround equipment positioning and removal times

The positioning and removal times of the ground handling equipment are determined based

on empirical data summarized in Table A.3.

Table A.3.: Summary of position and removal times based on [114, 119].

Positioning Removal
Process min [s] mean [s] max [s] min [s] mean [s] max [s]
Boarding bridge/stairs 108 120 198 60 78 96
Fuel truck 42 54 72 60 72 84
Cargo equipment 108 120 198 60 78 96
Catering truck 51 63 72 57 69 78
Potable/waste water truck 39 48 57 27 36 51
Ground power unit 54 60 66 54 60 66

Towing truck 216 240 264 189 210 231




B. Direct operating cost

The used input values for the performed DOC analysis and absolute cost shares for the
validation cases are summarized in the following. The stated cost values are inflationary

adjusted and represent 2016 cost levels.

B.1. Input values for operating economics

The calculation of DOC is highly dependent on the chosen input parameters. Here, the
baseline input parameters for the DOC model based on Wesseler [162] are listed in Table
B.1 and the specific unit cost rates for turnaround cost estimation based on the findings
of Cronertz [112] are summarized in Table B.2. Each performed cost analysis is based on

those general input values.

Table B.1.: Input values for operating economics (based on model by Wesseler [162]).

Parameter Unit Value

Flight crew operations - short haul
World region - global
Flight type - international
Aircraft price range - mean (case 6)
Depreciation period y 20
Interest period y 20
Interest rate % p.a. 4.00
Aircraft insurance rate % p.a. 0.20
Fuel price USD/gal 2.00
Unit rate eurocontrol € 66.57
Labor rate (maintenance) USD 52.00
Flight and cabin crew region - global
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Table B.2.: The specific unit cost rates are based on the findings of Crénertz [112].

Category Description Cost [€/min]
Labor Supervisor 0.65
Worker 0.65
Service 0.75
Bus driver 0.50
Ground Support Equipment Air starter 0.60
Dolly (bulk cargo) 0.02
Dolly (ULD) 0.04
Tractor 0.02
Bulk cargo laoder 0.15
Towing truck (90-350 t MTOW) 1.96
Towing truck (350 t MTOW and above) 1.03
Potable water truck 0.26
Waste water truck 0.32
Pre-conditioned air (PCA) 5.75
Ground power unit (GPU) 0.17
High loader (medium) 0.26
High loader (small) 0.38
ULD transporter 0.30
Bus (20 passengers) 0.53
Bus (60 passengers) 0.49
Bus (100 passengers) 0.61
Stairs (small) 0.26
Stairs (medium) 0.40
Stairs (large) 0.91
Material Cleaning fluid 0.13
Potable water 0.05

Power 0.17
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B.2. Direct operating cost of an A320neo and an A330-300

The absolute cost shares for the DOC estimation of the validation cases covering the

A320neo and A330-300 on an 3,000 nm off-design mission are summarized in Table B.3.

Table B.3.: Absolute cost shares for A320neo and A330-300

Cost per Trip [USD]

Cost share

A320neo  A330-300
Fuel 9,829 22,758
Ground handling 293 455
Airport 1,421 3,416
Navigation 2,897 5,047
Direct maintenance 2,419 4,871
Crew 4,650 7,933
Cash Operating Cost 21,273 44,634
Depreciation 4,509 5,050
Interest 2,994 4,205
Insurance 37 55
Cost of Ownership 7,539 9,310
Additional Operating Cost 547 1,513

Direct Operating Costs 29,359 55,456
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